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GLOSSARY 

2PI 2-photon Photolonization 

Al, B, C, Cu, Ga, 
In, Li, Na, Mg, Si 

Atoms of the elements: duminum, boron, carbon, < 
indium, lithium, sodium, magnesium, silicon. 

CLF Halogens: chlorine, fluorine. 

EEA Electrostatic Energy Analyzer. 

FWHM Full Width at Half Maximum 

H2,D2 Molecular hydrogen, deuterium 

HEDM High Energy Density Matter. 

Lbl Ablation Laser Intensity. 

I* Specific Impulse. 

KE Kinetic Energy. 

KED Kinetic Energy Distribution. 

LIE Local Tnermodynamic Equilibrium 

MPI Multiphoton Photolonization 

Ne,Ar,Kr,Xe Rare gases: neon, argon, krypton, xenon. 

PI Photolonization. 

QCM Quartz Crystal Microbalance. 

REMPI Resonance Enhanced Multiphoton Photolonization. 

SEM Scanning Electron Microscope. 

TASSPI Temporally And Spatially Specific Photolonization. 

TOF Time Of Flight. 

TOFMS Time Of Flight Mass Spectrometer. 

uv Ultraviolet. 

vs Velocity Selection. 

vss Velocity Selected Source. 

Vll 



1.0 INTRODUCTION 

This project grew out of our efforts to produce cryogenic solid hydrogen samples doped 
with laser ablated metal atoms for evaluation as advanced chemical propellants within the US 
Air Force High Energy Density Matter (HEDM) program1. Such fuels are predicted 
theoretically2 to provide up to 20% improvements in specific impulse3,1^, over the state-of-the- 
art liquid oxygen/liquid hydrogen system Because the propellant typically makes up such a 
large fraction of the mass of a fully loaded space launch vehicle (e.g., « 85% for both the Titan 
IV and Space Shuttle)4 such an increase in 1^ can translate into dramatic systems level 
performance improvements. 

Our preliminary matrix isolation experiments5-7, in which laser ablated metal atoms are 
codeposited with a matrix host gas (e.g., H2, D2, Ne, Ar, Kr, Xe) onto a cryogenically cooled 
substrate, suggested that the incident kinetic energy (KE) of the metal atoms plays a key role in 
determining the atomic isolation efficiency of the sample deposition process, and in the 
formation of novel metal atom trapping site structures (see Section 4.6 for an updated 
interpretation of these experiments). We initially proposed5, and subsequently refined6'7, a 
microscopic model of the matrix deposition process which attributes these effects to penetration 
into previously deposited matrix layers by the fast metal atoms8"12 generated in the laser ablation 
process. Definitive testing of this hypothesis required a source of metal atoms with a narrow 
spread of KEs tunable throughout roughly the 1 to 20 eV range. 

A survey of the available technology13 failed to turn up a suitable candidate for a fast 
metal atom source to be incorporated into our matrix isolation experiments. We 
required/desired a source that would be: (a) directional, so we could aim the metal atom flux 
onto our deposition substrate; (b) intense, a flux of at least 1012 atoms/cm2-s at the deposition 
substrate would keep sample preparation times below an hour; (c) pure, as all of the species in 
the source beam may become incorporated into the sample; (d) monoenergetic, the narrower 
the spread of KEs, the less ambiguous the results; (e) tunable, over at least the 1 to 10 eV 
range, preferably 1 to 20 eV; (f) compact, characteristic dimensions of order 10 cm would keep 
the system a tabletop affair. 

We were aware that laser ablation of metal targets in a vacuum provides intense pulses 
of fast metal atoms with broad kinetic energy distributions (KEDs) covering the desired KE 
range8"12. Thus, one approach would be to perform velocity selection (VS) on the laser ablated 
metal atoms, allowing only those atoms with KEs within a narrow desired range to proceed to 
the deposition substrate. Mechanical VS of a continuous molecular beam is typically 
accomplished13"18 by directing the beam through a series of rapidly rotating slotted disks 
mounted on a common shaft. The disks and slots are arranged so only those species with a 
narrow range of velocities can pass unscathed through all the openings. Despite rotational 
speeds in excess of 50,000 rpm, compact mechanical velocity selectors (i.e., path lengths L « 
10 cm) cannot transmit species with velocities much higher than 5xl05 cm/s (although higher 
velocities can be achieved at the expense of longer path lengths17'18, transmitted atomic flux 
levels fall rapidly as 1/L2). The pulsed nature of the laser ablation source allows a simplification 
of the mechanical VS approach to a single rotating slotted disk or "chopper" with the same 



I 106 

1 10 
kinetic energy (eV) 

100 

Figure 1. Atomic velocities vs. kinetic energies. 
Calculated velocities are shown for 7Li, 10B, nB, and 27Al isotopes.  Vertical lines are shown 
demarking the 1 to20e V kinetic energy range. The horizontal line is drawn at 5x1(f cm/s. 

mechanically imposed limitations. Since the velocities of interest in our experiments exceeded 
this limit (e.g., a 10 eV Al atom travels at 8.5xl05 cm/s, see also Figure 1) we decided not to 
pursue a mechanical VS approach. 

The remainder of this manuscript documents the novel, non-mechanical approach we 
took to achieving VS of fast laser ablated metal atoms. The most relevant technical results 
have already appeared in peer-reviewed publications19"22, and in the US Patent for this invention 
that was assigned to the US Air Force23; References 19 through 23 are included herein as 
Appendices A through E, respectively. In the main text, we will review the basic ideas behind 
our approach, and will include previously unpublished results and supplementary materials that 
should give the reader a clearer impression of the overall progress achieved during this project. 

We will attempt to document candidly the present status of this technology. We will 
point out both its strengths and limitations, as an aid to anyone interested in adopting and 
extending our work, in the hope that this approach will survive and flourish beyond its original 
confines. We will conclude with a brief description of how this project has impacted our efforts 
to create metal atom doped cryogenic solid propellants, and how it may someday impact the 
production of other novel thin-film materials. 



2.0 TASSPI OVERVIEW 

We named our novel nonmechanical method of velocity selection 'TASSPI," an 
acronym for "Temporally And Spatially Specific Photolonization" since metal atoms that are 
not at the right place at the right time are photoionized and rejected from the main atomic 
beam Figure 2 is a schematic of the final, successful TASSPI configuration. 

Briefly: a PLUME containing fast metal atoms is generated by focusing a pulse from a 
high-power ABLATION LASER onto a rotating metal TARGET held \vithin a high vacuum 
chamber. After a delay of order 1 |j,s, a second pulse from a VELOCITY SELECTION 
LASER is used to photoionize nearly all of the metal atoms which are traveling either too 
quickly or too slowly to be hidden behind a narrow opaque MASK These photoions (and any 
nascent ions from the ablation event) are deflected by a MAGNETIC FIELD and so do not 
continue through the APERTURE as part of the velocity selected ATOMIC BEAM. 

The transmitted velocity selected atoms have a mean velocity: 
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Figure 2. TASSPI concept schematic diagram. 



in which: tvs is the delay between ablation and velocity selection lasers, and x is the distance 
from the surface of the ablation target to the center of the opaque mask. The resulting atomic 
beam is not perfectly monoenergetic. The spread of velocities, Av (full width at half maximum) 
and the corresponding spread of kinetic energies, AKE, are related by: 

AKE 

KE 
2— 

v (*MS?) 
i 

IT 

(2) 

in which: KE is the mean kinetic energy, Ax is the width of the opaque mask, and Atvs is taken 
as the sum of the duration of the velocity selection laser pulse and the jitter between the 
ablation and velocity selection pulses (Atvs «50 ns). 

Examples of successful VS of Al, Ga, and In atoms by TASSPI, along with the actual 
experimental conditions used, can be found in Appendices C & D (Refs. 21, 22). The bottom 
line is that the TASSPI technique works remarkably well for the Al Ga. and la systems, and 
our observations are well explained by the simple nne-dimensional model embodied by 
Equations (1) and (2). Figure 3 shows the correlation between experimental and calculated 
kinetic energy resolutions, AKE/KE, from a series of TASSPI VS experiments on Al atoms. 

This brief description of the TASSPI approach has relied on a number of simplifying 
assumptions which require either verification or qualification. Section 4 is dedicated specifically 
to these issues, and to questions concerning the general applicability of the approach. But first, 
Section 3 contains details of the construction and operation of the TASSPI experimental 
apparatus, details that were glossed over in our previous publications and which are germane to 
the subsequent discussions. 

0.3 
AKE/KE (calculated) 

Figure 3. Experimental vs. calculated Al atom TASSPI KE resolutions. 



3.0 EXPERIMENTAL DETAILS 
3.1 Apparatus24 

Schematic diagrams of the various experimental setups used throughout this study can 
be found as 'Tig. 1" in each of Appendices A to D. Familiarization with the generic 
experimental descriptions in those appendices is recommended prior to consideration of the 
mechanical details presented in this section. 

Figure 4 shows scale drawings of the velocity selected source (VSS) module, which was 
constructed of stainless steel at one of the Jet Propulsion Laboratory machine shops. Figure 5 
shows the various elements of the TASSPI scheme arranged within the VSS module. The 1/2 
inch diameter ablation target is mounted on the shaft of a motorized rotational motion 
feedthrough (MDC #670021-04) which is attached to the rear KF25 port of the VSS module 
via a flexible metal bellows (NorCal #2FC-NW-25-l). The bellows allows the target to be 
moved off-center by a vertical translation stage (Newport #416) so that the ablation laser spot 
can cut tracks of different radii on the rotating target face. 

"top 
view 

— 2.000- 

VSS   Module   Assenbly, 

Note;     All   KF   stub   flange: 
welded   on   internal 
surfaces   for   high- 
vacuun   application, 

MEF   5/91, 

Figure 4. Mechanical drawings of velocity selected source (VSS) module. 
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Figure 5. TASSPI elements in VSS module. 

The ablation laser (Lambda-Physik, EMG202MSC, XeCl) is focused to a fixed point 
through one of the 5/16 inch clear diameter 45° window ports; the velocity selection laser is 
incident on the ablated plume through one of the 1 inch clear diameter side window ports. A 
small turbomolecular pump (Leybold Turbovac 50) is mounted upside down directly onto the 
top KF40 port. The pair of rare-earth/cobalt magnets which provide the ion-deflecting field are 
separated by a Delrin spacer drilled with a transverse hole; this assembly is mounted on an 
aluminum post glued to a KF40 blank-off flange which attaches at the bottom KF40 port. The 
beam defining aperture is incorporated into the o-ring centering ring for the front KF25 port. 

Figure 6 shows various arrangements of the ion-deflection magnets (rare-earth/cobalt 
types) used throughout the course of this study. The leftmost setup employed 1/2 inch 
diameter magnets spaced by 5 mm providing a 2.8 kG deflection field, and was used during the 
experiments reported in Refs. 20 to 23 (Appendices B to E). More recently we've used 1 inch 

Figure 6. Ion-deflection magnet assemblies. 



diameter magnets at various spacings which are more effective at deflecting the fastest ions. 
The transverse slot in the Delrin spacer shown in the center and right setups in Figure 6 allow 
access of the velocity selection laser beam over the entire 1 inch wide velocity selection region. 

The main virtue of this experimental arrangement is its compact size; the distance from 
the ablation target surface to the front KF25 flange is less than 7 cm In practice, it has a 
couple of annoying deficiencies which should be corrected in future designs. (1) Because the 
flexible bellows in the ablation target mounting system generates considerable variable stresses 
when the vacuum system is pumped down or vented back to atmosphere, optical alignment, 
laser spot size measurements, etc. can only be performed while under vacuum. (2) All the laser 
windows located only 5 to 6 cm from the ablation target become coated with ablated material, 
limiting the duration of an experiment. Some self-cleaning of the ablation laser window takes 
place if a long focal length lens is used, but only at the risk of burning the window. We have 
recently obtained modest relief from these effects by adopting the opposite strategy of 
mounting these windows on extension flanges and using shorter focal length lenses. 

Figure 7 shows a perspective view of the vacuum chamber containing the Comstock 
electrostatic energy analyzer/time of flight mass spectrometer (EEA/TOFMS) system used to 
characterize the KEDs of the ablated species. The EEA is of 160° spherical sector design25-26, 
which is claimed to optimize the ion transmission at a given energy resolution25, but which 
requires a particularly inconvenient mounting and alignment scheme. The elaborate support 
stand, constructed of 1/2 inch aluminum plate at the JPL shops, was designed to support the 
vacuum chamber so that the input axis of the EEA is parallel to the top of the optical table at a 
height of 10 inches. The second rotation (around the EEA input axis) relieves a conflict 
between the 1 meter TOF tube and the vertically mounted liquid helium cryostat used in matrix 
isolation experiments. In hindsight, the minor performance loss of a 90° sector EEA would 
probably be easily outweighed by its mechanical mounting advantages. 

Performing KED measurements on velocity selected atoms requires the synchronized 

support stand 

Figure 7. EEA/TOFMS vacuum chamber. 



use of three pulsed lasers for: ablation, velocity selection, and PI detection of the atoms. The 
final PI detection laser is focused at the entrance of the EEA through a quartz window labeled 
"PI port" in Figure 7. Photoions of the proper KE transit the curved EEA and are then 
accelerated down the 1 meter TOF tube and detected by a microchannel plate. This detection 
scheme introduces a useful "redundancy" in that the velocity of the metal atoms (determined by 
the time delay between the VS and PI lasers) must match the KE setting of the EEA for metal 
photoions to be detected. Observation of a metal ion signal at inappropriate delays between the 
VS and PI lasers indicates the presence of polyatomic metal photoion precursors and is a 
sensitive measure of the purity of the atomic beam (see Section 4.4). 

3.2 Ablation Target Preparation 

Our ablation targets are typically 1/2 inch diameter by 1 to 3 mm thick disks of a pure 
material. Alkali metal target disks are cast in an inert gas environment, glued with a minimum 
amount of quick setting epoxy onto the target rod, attached to the motorized rotational motion 
feedthrough assembly, then transferred as quickly as possible to the VSS module. With care 
and practice, exposure of these targets to the atmosphere can be kept below « 30 seconds. 
Despite these precautions, and the forgivingly low humidity of the desert air at the Phillips Lab, 
the resulting fresh target surface is usually badly oxidized (and nitrided in the case of lithium). 
Additional continuous surface oxidation also occurs due to the ~ 10"7 Torr water vapor 
background in our vacuum chamber. 

Boron targets are made from polycrystalline chunks of elemental boron, ground to 
shape using a diamond dust impregnated wheel. This process leaves a rough ablation surface, 
with several ~ 1 mm3 pits, which results in a very erratic ablation plume. We have also 
experienced contamination of the boron surface with metallic iron transferred from the 
borrowed diamond wheeL We have not experimented with melt casting our own boron targets 
because of materials cornpatibility issues in handling liquid boron. Aluminum targets are easily 
cut from high purity 2 mm thick foil pieces, and once mounted can be faced-off on a lathe with 
a very sharp cutting tool leaving a macroscopically smooth, trued ablation surface. Gallium 
targets are prepared following the alkali metal procedure mentioned above, but must be kept 
cool (below 30 °C) to avoid remelting. Indium targets are again easily cut from foil stock. 

We tolerate these crude initial ablation surface preparation procedures because of the 
even worse abuse inflicted by the ablation laser itself over the course of an experiment. A 
typical experiment begins by using the ablation laser to "clean" a circular track on the initially 
prepared surface. After a few thousand laser pulses, a shallow groove begins to form. Data are 
acquired using the subsequent 104 to 105 ablation pulses during which the ablation plume is 
relatively stable and quantities such as ablation laser intensity threshold for visible plasma 
formation are reproducible. Figure 8 shows a scanning electron microscope (SEM) image of a 
0.8 mm wide, 6 mm diameter circular groove in an aluminum target after about 5x104 incident 
ablation pulses. Despite the tortured morphology of this surface, the flux of ablated aluminum 
as measured by a quartz crystal microbalance (QCM) remains suitably constant over tens of 
thousands of laser pulses. 
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Figure 8. SEM image of ablated groove in aluminum, viewed at 45° to surface normal. 
Ablation laser wavelength 308 nm, 17 mJ/pulse, 5 Hz repetition rate, 2.5 hour exposure; 
focused to an oval spot 0.3x0.7 mm, Iab, ~ 1x10s W/cm2. 

Because of the vertical orientation of the ablation target surface in these experiments, 
we have not experimented with ablation of a pool of liquid gallium at say, 40° C, which would 
provide a self-healing ablation surface with negligible background Ga vapor pressure. 

3.3 Ablation Laser Intensity 

Throughout this study, we have concentrated primarily on ablation with pulses from a 
XeCl excimer laser. Thus, we have not explored any of the effects of varying the ablation laser 
wavelength (X = 308 nm) or pulse duration (t « 30 ns). We have varied both the laser pulse 
energy (E), and the ablation spot area (A), and find that several important plume characteristics 
(appearance of a visible plume, atomic KEDs, ion content of ablated plume, formation of metal 
clusters and particulates, etc.) are correlated with the ablation laser intensity (IaW) calculated as: 

law (W/cm2); E(J) 

T(s)-A(cnr) 
(3). 

Simplifying assumptions inherent in this formula are: (1) the time dependence of the laser pulse 
is a square wave of duration t, Figure 9 shows the actual temporal shape recorded with a 2 ns 
rise-time photodiode; (2) the photon flux is constant over the focused spot area A then falls 
suddenly to zero outside, in fact the flux is most intense at the center of the beam and the edges 
of the spot are not well defined. 
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Figure 9. Temporal dependence of XeCl ablation laser pulse. 

We measure the ablation spot area from the bum pattern on a small piece of 
photographic paper in contact with the ablation target surface. These spots have visibly sharp 
edges corresponding to some arbitrary and undetermined ablation laser intensity threshold level. 
Spot dimensions measured in this manner are typically a little larger than those estimated from 
SEM micrographs of ablated craters in duminum foil. Thus, the photographic paper method is 
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figure 10. Ablated aluminum flux vs. 308 nm laser intensity. 
Ablation spot area = 0.003 cm2, distance from target to QCM = 8 cm. 

10 



certainly not a unique determination of the area, but the measurement is easy to make and is 
reproducible (± 20% error in A). Despite all these problems, we have found these estimated 
ablation laser intensities to be very useful for predicting various plume properties, and in the 
comparison of results from different experiments. 

A couple of points for calibration. We estimate the threshold intensity of a 308 nm 
excimer ablation laser for formation of a visible plasma above a clean track in an aluminum 
target to be Iabi = 2.5(±1.0)xl07 W/cm2. This value is consistent with the QCM measurements 
of aluminum flux vs. 308 nm ablation laser intensity presented in Figure 10, which suggests a 
threshold in the 2xl07 W/cm2 to 3xl07 W/cm2 range. 

4.0 STATUS AND UNRESOLVED ISSUES 

As mentioned above in Section 2, many aspects of the TASSPI approach can be 
successfully described by a very simple model which rests on a number of simplifying 
assumptions. However, progress in extending the utility and applicability of TASSPI will likely 
require closer examination of the limits of validity of those assumptions. In this section we 
report our present status, and address a number of unresolved issues in the form of (at least 
partially) unanswered questions. 

4.1 Fundamental Assumption of Time-Of-Flight 

Question: Are all the ablated metal atoms produced in a sufficiently short period that 
the fundamental assumption of TOF holds (i.e.. is there a one-to-one mapping of velocity with 
distance traveled from the ablated target surface)? In a basic TOF experiment, all species are 
supposed to leave the source region at effectively the same instant, so that the faster species 
will arrive at the detection region before the slower species. Equivalently, the faster species are 
assumed to travel a longer distance from the source region at any given time of flight. If, 
instead, species production occurs over an extended time period, then it is possible for faster 
species produced later in the process to overlap both spatially and temporally with slower 
species that have been traveling for a longer period of time, m this case, TOF profiles cannot 
be readily transformed to yield velocity distributions, and velocity selection schemes based on a 
single selection element (e.g., chopper wheel, TASSPI) will fail 

To illuminate this point, we performed a series of Monte Carlo numerical simulations of 
idealized TOF experiments. The simulated atoms are produced with random speeds distributed 
as a Gaussian (for computational, not physical reasons), with average velocity = lxl 06 cm/s and 
a spread of velocities (FWHM) of lxlO6 cm/s. Individual start times are randomly distributed 
uniformly over an initial production period of variable length T. The distance to the detection 
region is taken as 1 cm, the width of the detection region is 0.01 cm. The detector is assumed 
to be velocity independent, with a time resolution of 20 ns. The TOF profiles are generated as 
histograms accummulated over 105 events; the equations for transforming from TOF to velocity 
and KE distributions are given in Appendix A. The results are shown in Figure 11, which 
demonstrates the gross distortions of the TOF and velocity distributions that occur if the 
duration of the atom production period is comparable to the mean TOF. 
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Figure 11. Numerical simulations of time-of-flight experiments: varyx. 
Distance from surface to detection region fixed at d = 1.0 cm. 

We also performed several simulations of the TOF profiles expected for various 
separations, d, between the atom production and detection regions. Figure 12 shows the 
simulated TOF and velocity distributions obtained for T = 100 ns, as "measured" at d = 0.5, 1.0, 
and 2.0 cm These results suggest that production period durations of ~ 100 ns could be 
deduced from velocity distributions obtained at various target-to-detector distances. 

1.2 

~ 1.0 
.o 
-S- 
I  0.8 
D) 

O 
t3 
(D 

0.6 

S. 0.4 
M 
e 
(0 0.2 - 

0.0 

, (   ....   I ■  ,  ,  i  ,  ,  ,  . 

- 
A   A 

  d = 0.5 cm 
 d = 1.0 cm 
  d = 2.0cm - 

- 

I 
/ \   /     \ 
II;          \ 
I     \   /           \ 
I       \ ; 

V      \/ 

ft        A 
l\       /\ 
l\      /   \ 
I \     ;     \ 
/   \   /        \ 
I     \/           \ 
/       \              \ 

J     / v^-  

- 

■  ■  i  i   >   i   I   i   i   <   i 

time of flight ((is) velocity (cm/us) 

Figure 12. Numerical simulations of time-of-flight experiments: vary d. 
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Figure 13. Optical transient absorption time of flight data for Ii and Na atoms. 
Detection region is 1.0 cm from ablation target surface. Iabi »5xl07 W/cm2 for Li data; 
hbi * 7x107 W/cm2for Na data. 

We checked experimentally for this possibility very early on in this project, by 
comparing velocity and KE distributions calculated from Al atom TOF data obtained at various 
distances from the ablation target surface19'20 (Appendices A & B). The good agreement 
among these data, and the lessons learned from our simulations, suggest an upper limit for the 
duration of the Al atom production period of« 100 ns, under our ablation conditions. The fact 
that the TASSPI scheme works for AL Ga, and In atoms is further demonstration that the 
duration of the atomic production period is comparable to the excimer laser pulse length, and 
thus at least an order of magnitude shorter than the typical ~ 1 LIS TOF. 

The same cannot be said for ablation of lithium and sodium targets, where we always 
observe a very long time (up to ~ millisecond long) tail in the TOF data. Figure 13 shows some 
raw time-of-flight data from the same optical transient absorption (OTA) experiments reported 
in ref. 19. Previous laser ablation studies have also reported ~ 100 ^is tails in Na atom TOF 
data . We initially interpreted these tails as artifacts arising from our experimental geometry 
and a supposed difference in the divergence of the ablated plumes for the alkali vs. aluminum 
systems19. However, it is difficult to believe that such an effect could stretch out the TOFs into 
the millisecond regime. We now suspect that evaporation of slow (thermal) alkali atoms from 
the ablation spot itself, or from superheated ablated droplets28'29, are more likely explanations. 
Conclusion: Ablation conditions must be found which avoid producing copious amounts of 
slow alkali atoms before the TASSPI method can be applied to these systems. 
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4.2 Efficient Photoionization of Neutrals 

Question: Can the undesired ablated metal atoms to be rejected by the TASSPI scheme 
really be photoionized with high efficiency? 

4.2.1 Single photon ionization 

An important reason that TASSPI works so well for the Al, Ga, and In systems is the 
accidental coincidence of strong photoionizing absorptions30"32 for these atoms with the intense 
193 nm output of the ArF excimer laser. Figure 14 shows a comparison between the lineshape 
of our ArF laser (measured with a 0.85 m SPEX 1403 double grating monochromator, 
1800 line/mm gratings, unintensified Si diode array detector) and an Al atom autoionization 
resonance. The dips on the ArF lineshape are due to Schumann-Runge absorptions of 
atmospheric 02 over the « 4 m unpurged path from the laser to the array detector33 (we 
employ a dry N2 purge of the ArF beam path in all other experiments). The 193.2 and 
193.6 nm lines in the Al spectrum correspond to the spin-orbit split components of the 
3s3p ( S)«-3s 3p(2P°) atomic transition; these absorptions are extremely strong, with published 
peak cross-sections of 1.2x10"16 and 1.7xl0"16 cm2, respectively31. These values compare well 
with our value of aP]{Al, 193nm) = 1.8(±0.4)xl0'16 cm2 derived from ArF laser Al atom 
photoionization saturation measurements20. 

We assume that the PI process can be represented by: 

M + hvpi  H-> IvT + e" (4) 

2.0 

192.8      193.0      193.2      193.4      193.6      193.8 

vacuum vtavelength (nm) 

194.0 

Figure 14. ArF excimer laser and Al atom photoionization lineshapes. 
Al data from Ref. 30; the ArF lineshape is modified by transmission through & 4 meters of air. 
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in which: M is a neutral metal atom, hvPi is the PI photon, JVT is the photoion, and e" is the 
ejected electron. The fraction of surviving neutral metal atoms following a photoionization 
laser pulse is then given by: 

[M] _ 
[M]o 

exp[- CJPI <E>PI] (5) 

in which <J>H is the total flux (#/cm2) of laser photons. The fractional yield of metal photoions is 
correspondingly: 

pyfk = 1" exp[- OH OPJ (6). 

The ArF 193.3 nm wavelength corresponds to a photon energy of 1.03xl0"18 J; thus a laser 
fluence of FPI = 1 mJ/cm2 corresponds to a 193 nm photon flux of OH = l.OxlO15 cm"2. 
Therefore, achieving 99% rejection of Al atoms requires a readily available ArF laser fluence of 
only K 30 mJ/cm2. 

For Ga and In, the corresponding autoionization resonances are very short lived 
(T « 10"   s) and are embedded in the photoionization continuum just beyond the ionization 
limit, resulting in broad (AX » 30 nm) absorptions overlapping the 193 nm ArF emission32. 
Thus, the peak photoionization cross sections are about an order of magnitude smaller than for 
Al. Figure 15 shows the saturation behavior of the Ga+ and In+ (KE = 2 eV) metal ion signals 
as a function of increasing photoionization laser fluence; the CTPI'S are calculated by fitting these 
data to the functional form of Eqn[6], and agree well with the literature values30*32 of 
api(Ga, 193nm) = 2.8xl017 cm2, and oPi(Iu, 193nm) = 2.2xl017 cm2. Thus, rejection of Ga or 
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Figure 15. Photoionization cross-sections of Ga and In atoms at 193 nm. 
For both experiments: ablation wavelength = 308 nm, IM = 3.4x107 W/cm2. 
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Table I. Atomic single photon ionization data. 
Ionization potentials (I.P.)from Ref. 34, o-pi data from Ref. 30. 

Atom LRfeV) Xth/nm) (Wem2) comments 
Li 5.392 229.9 1.5-2.0xl0"18 140-230 nm range 
B 8.298 149.9 
C 11.260 110.1 
Na 5.139 241.3 < 1.5xl0-19 140-240 nm range 
Mg 7.646 162.1 < 1.2xl0"18 140-162 nm range 
Al 5.986 207.1 l.OxlO"16 peak @ 206 nm 
Si 8.151 152.1 3.6-3.8xl0-17 140-152 nm range 

In atoms at the 99% level requires photoionization fluences of« 300 mJ/cm2, which are 
achievable, but entail focusing conditions that may damage some optical window materials. 

Unfortunately, as shown in Table I, the prospects for single photon TASSPI of other 
atoms of HEDM interest {e.g., Li, B, C, Na, Mg, Si) are not promising, because the 
photoionization cross sections are too small, and/or the ionization threshold wavelengths, l^, 
are too short for presently available lasers. Conclusion: the utility of a single photon ionization 
TASSPI scheme is limited to systems exhibiting a fortunate coincidence between strong atomic 
photoionization absorptions and radiation from high powered pulsed lasers. Technological 
progress in the form of new commercially available vacuum ultraviolet lasers may extend the 
utility of the TASSPI scheme to other systems. 

4.2.2 Multi-photon ionization 

In order to overcome the limitations of the single photon PI approach described above, 
we turned to Multi-Photon Ionization (MPI) schemes, in which two or more photons are 
absorbed (simultaneously or sequentially) in the ionization process. Matching one or more 
photon energies to atomic transition energies greatly increases the probability of ionization, 
leading to the phenomenon of Resonance Enhanced Multi-Photon Ionization (REMPI)3538. 
Our experiments along these lines have been limited to a few attempts at MPI of laser ablated 
boron atoms. The results of these preliminary experiments are ambiguous, and are presented 
here mainly to document our status and describe the issues to be clarified. 

Figure 16 shows the positions of the B atom 2s2p2(2S) <- 2s22p(2P°) transitions at 
40040 and 40025 cm"1 and the output of our KrF excimer laser which has a main peak near 
40220 cm"1 and a weaker satellite peak39 near 40140 cm"1. We hoped that this "near 
coincidence" might enhance the two-photon photoionization (2PI) yield of the process: 

B (2P°) + 2 hv(248 nm)     a2FI > B+ + e" (7) 

in which o2?i is a two-photon photoionization cross section with units of cm4-s. 
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Figure 16. KrF laser output and B atom absorptions. 
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Figure 17 shows the results of two attempts to saturate the B+ ion signal in a 2PI 
experiment; the 4 eV and 10 eV data are scaled to the same asymptote. We fit these data to 
the simplest kinetic model consistent with Eqn[7]: 

Figure 17. Two photon photoionization of B atoms with KrF laser. 
308 run ablation laser intensity = 7.5xl07 W/cm2. See text for discussion of confidence limits 
on the extracted 2PI cross-section. 
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Figure 18. Two photon photoionization of B atoms with tunable dye laser. 
The positions of the B atom absorptions are shown at the top of the figure. Ablation laser 
wavelength = 248 nm; FPI »2 J/cm2, IPI * l(f W/cm2. 

jg^ = 1 - exp[- am IPI
2
 At] (8) 

in which IPi is the PI laser photon intensity (#/cm2-s), and At is the laser pulse duration (22 ns). 
While the quality of the fit would indicate an uncertainty in a2pi of about a factor of two, we 
have had difficulty in reproducing these results, and suggest that a more appropriate error 
estimate is one or two orders of magnitude. We have still to determine if the saturation 
behavior shown in Figure 17 is real or an artifact of our detection scheme; we also are 
concerned about the spectral stability of the KrF laser output (i.e. intensities of main vs. satellite 
peaks), and about the possibility of having burnt the quartz PI laser input windows. 

Figure 18 shows the results of our single experiment using the UV frequency doubled 
output of a tunable dye laser which demonstrates true REMPI of laser ablated B atoms. 
Unfortunately, the total delivered energy in each UV laser pulse was only ~ 1 mJ, too low by at 
least a factor of 10 for a TASSPI velocity selection experiment. This approach deserves further 
consideration if higher tunable UV laser pulse energies become available. 

Finally, we point out here that TASSPI via REMPI techniques is likely not conveniently 
applicable to fast molecular species, unless they can be produced in only a few rovibronic states, 
all of which can be photoionized by the same laser. 

Conclusion: the possible roles of MPI schemes in velocity selection by TASSPI remains 
largely unexplored. 
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4.3 Magnetic Deflection of Ions 

Question: Can a static magnetic field really be used to deflect all the unwanted 
photoions without affecting the flux of neutrals? The original TASSPI scheme (c. 1990) called 

for the use of a static transverse electric field, E, to deflect the unwanted ions via the Coulomb 
force40: 

Fconi=qE (cgs units) (9) 

in which q is the charge on an ion. However, in our experiments, weak electrostatic fields did 
not have a significant effect on the flux of ions (as measured using a Faraday cup), and fields in 
excess of« 0.3 statvolt/cm (~ 10 kV/m, SI units) resulted in arcing and activation of the high 
voltage power supply's circuit breaker. 

Discussions between Dr Michel Macler and Dr Franklin Mead (OIAC PL/RKFE) in 

1993 lead to the ultimately successful idea of using a static transverse magnetic field, B, for ion 
rejection via the Lorentz force40: 

Ft«, = ^(vxB) = qEeff (10) 

in which: v is the ion velocity, and c is the speed of light. For typical values of: v = jv| x, 

B = 3 kG, and |q| = e (electron charge), the resulting Lorentz B = B z, Ivl = 106cm/s, 

force, FLOJ = FLOJ y, has a magnitude of F^ = 4.8xl0"u dyne, and is equivalent to an 

—O— dummy magnets 
—O— 20 mm gap magnets 

Figure 19. Magnetic rejection of fast laser ablated Mg+ ions. 
The KED obtained through the 20 mm gap magnets has been scaled by a factor ofxlOOfor 
ease of presentation. The ablation laser wavelength = 308 nm, IM »4X10

7
 W/cm2. 
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effective electric field of magnitude -eff 0.1 statvolt/cm (3300 V/m). A force of 

4.8xl0"n dyne implies a transverse acceleration on an Al+ ion of ay = 1. lxlO12 cm/s2. 
Integrating this acceleration along a 1 cm interaction distance (At« 10"6 s) yields an estimated 
deflection of Ay = Vz ay At2 = 0.6 cm which is sufficient to deflect the ion out of a beam of Al 
atoms in our TASSPI experiments. 

The data in Figure 19 demonstrate the effectiveness of this method at rejecting nascent 
laser ablated Mg+ ions. Even using the relatively weak field provided by the 20 mm gap magnet 
assembly {vide infra), rejection is good to the 99+% level for Mg+ ion KE's below » 25 eV. 
We do not understand why the shape of the KED for the transmitted Mg+ ions is so different 
from that for the nascent ions, perhaps long-range interactions with electrons or ions trapped in 
the magnetic field region are somehow responsible. 

The simple estimate of ion deflection presented above is strictly appropriate only in the 
limit that the resulting deflection (Ay) is small compared to the length of the interaction region, 
which is not the case. In fact, the radius of gyration41: 

lgyr eB (11) 

of an Al+ ion with |v| = 106 cm/s (pi = 4.5xl0"17 g-cm/s) in a 3 kG magnetic field is only 
0.9 cm, raising the possibility that some of the slower Al+ ions (as well as electrons for which 
rgyr ~ 10"5 cm) may become temporarily trapped42 in the magnetic field region. Figure 20 shows 
how the spatial pattern of emissions from excited Al* atoms appears to map out the regions of 
highest magnetic field intensity. No such patterns were observed when the magnets were 
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Figure 20. Photograph of Al* emissions from 7 mm gap magnetic field region. 
The ablation laser wavelength = 308 nm, spot size & 0.05 cm2, Iabi & 7x107 W/cm2. 
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replaced by an aluminum metal replica. We speculate that the high field regions contain the 
largest concentrations of trapped electrons, which produce Al* atoms either by recombination 
with Al+ ions, or by collisions with fast Al atoms. 

This view of our magnetic field raises the possibility that inhomogeneities in the field 
may affect the flux of neutrals via an inadvertent version of the Stern-Gerlach experiment43'44. 
The force, Fz, on a magnetic dipole, (I, in an inhomogeneous magnetic field with nonzero field 
gradient öB2/dz, is given by43: 

F=u ^ tz    ^  dz (12) 

in which uz is the component of jl along the z direction. Atomic magnetic dipole moments 
are of the same order of magnitude as the Bohr magneton: 

^B= 2n7c~ * 9.27xl0"21 erg/G (13) 

in which:  h is Planck's constant divided by 2%, and m- is the electron mass. Thus, a magnetic 
field gradient of- 10 kG/cm yields a force of- 10"16 dyne, with resulting acceleration of an Al 
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Figure 21. Magnetic field measurements. 
The two left panels show \B2\ and cBJdc along the direction of the atomic beam, x. The two 
right panels show \BZ\ and dBJck along vertical cuts perpendicular to the atomic beam, near 
the center of the magnets (x=4mm) and near the edge of the magnet assembly (x=llmm). 
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atom of- 106 cm/s2, and a transverse displacement after 10"6 s of only ~ 10"6 cm 

Despite these indications that the Stern-Gerlach effect should be completely negligible, 
we sought experimental verification that the magnetic deflection scheme was not affecting the 
neutral atomic flux. We were also concerned about other possible unanticipated effects, such as 
complex interactions with magnetically trapped charged species. We spent some time 
characterizing the magnetic deflection fields, and conducted various ablation experiments with 
different magnet configurations. 

Our magnet arrangements are shown in Figure 6. Ignoring the Delrin spacer, they all 
have cylindrical symmetry about the z axis (actually D^ point group symmetry). Figure 21 
shows the main Bz field component and some of its derivatives for two different magnet 
configurations (middle and rightmost drawings in Figure 6). The largest gradients occur near 
the edges of the magnet assembly, with 3Bz/dz actually reaching the 2000 G/cm level for paths 
only 1 mm off of the x axis centerline (see lower right panel of Figure 21). The large values of 
5Bz/dx have no effect on fast neutral species traveling in the x direction. Neither the Bx or By 
field components exceeded the 100 G level anywhere. 

Figure 22 shows the lack of difference between the effects of the 7 mm and 20 mm gap 
magnet assemblies on the deposition rate of a copper film on a quartz crystal microbalance. A 
dummy magnet assembly constructed of aluminum metal was used to check the reproducibiHty 
of the no-field growth rate. The similarity between the deposition rates obtained with the two 
magnet assemblies indicates that the differences in field inhomogeneities are not important. The 
magnets do have a profound effect on the overall rate of deposition of the copper film> and it is 

10000 

ablation laser pulses 

20000 25000 

Figure 22. Effect of magnetic fields on Cu film depositions. 
QCM to copper ablation target surface distance = 18 cm. Ablation laser wavelength 
308 nm, 75 rnj/pulse focused to 0.03 cm2 area spot, I^i = 8x107 W/cm2. 
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tempting to assign this difference to the "ion content" of the ablated Cu plume. However, other 
issues concerning the relative deposition efficiencies of ions vs. neutrals, and about the 
composition of ablated plumes, must be settled before this technique can be said to measure the 
ion/neutral content directly. 

Conclusion: the strong, compact magnetic fields provided by state of the art permanent 
magnets are well suited to the rejection of ions from neutral beams 

4.4 Purity of Atomic Beam 

Questions: What else is in the atomic beam following TASSPI besides velocity selected 
ground state metal atoms, and what can be done to minimize any impurities? Candidate species 
include: residual ions, residual very fast or very slow metal atoms, metal molecules and 
clusters, particulates, and metastable electronically excited metal atoms. We have discussed the 
issue of residual ions in the previous section. Likewise, we have discussed how very fast or 
very slow metal atoms may avoid photoionization in the velocity selection region, depending on 
the delay between the ablation and PI lasers21 (Appendix C). We also discussed above the 
problems with laser ablation of alkali metals apparently producing very slow metal atoms. We 
now discuss the other listed possibilities, in turn. 

4.4.1 Metal molecules and clusters 

We mentioned in Refs. 20-22 (Appendices B, C, and D) that a redundancy in our EEA- 
TOFMS with laser PI detection scheme allows us to detect certain other species besides metal 
atoms in our laser ablated beams. The redundancy is that the TOF for a neutral from the 
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Figure 23. Detection of non-Al atom Al+ ion precursors. 
Ablation laser wavelength = 308 nm, PI laser -wavelength = 193 nm. 
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Figure 24. Detection of non-In atom La+ ion precursors. 
Ablation laser wavelength = 308 nm, PI laser wavelength = 193 nm, FPI = 270 mJ/cm2. 

ablation target surface to the PI region yields a velocity which must match the photoion pass 
KE set for the EEA; the TOFMS confirms the identities of the photoions by their arrival times 
at the MCP detector. Figure 23 shows the effect of ablation laser intensity on the production of 
non-Al atom Al+ ion precursors. For taw = 308 nm and Iabi < 7xl07 W/cm2 (lower panel) the 
delays between the ablation and PI lasers which yield KE = 2 eV Al+ photoions correspond to 
the correct ablation-to-PI region TOF for KE = 2 eV Al atoms. At higher ablation laser 
intensities (upper panel), 2 eV Al+ ions are observed for ablation/PI laser delays 
incommensurate with the photoionization of 2 eV Al atoms. Furthermore, under these 
conditions, the Al+ ion yield is a strongly non-linear function of the PI laser fluence (Figure 2 in 
Appendix C shows an FPi4 dependence) suggesting photofragmentation and photoionization of 
metal clusters or particulates. Figure 24 shows similar data for 308 nm ablation of indium metal 
for which Iabi > 4x107 W/cm2 yields abnormally broad ablation/PI TOF profiles. 

We favor metal clusters and particles over other metal species (such as oxides or 
hydroxides) as the mistimed precursors for the metal photoions because these signals do not 
decrease in intensity once the ablation groove is present. [However, a similar effect does occur 
during the initial ablation "cleaning" of a freshly prepared target surface; in this case the 
mistimed precursors are likely metal oxides and hydroxides, as we observe nascent ions of such 
species in mass spectra recorded with fresh targets.] Additionally, the appearance of these 
robust abnormal TOFs is correlated with the presence of large numbers of 100 nm to 10 urn 
diameter metal particles on metal films deposited at higher ablation intensities. 

4.4.2 Metal particles 

Figure 25 shows an SEM image of spheroidal particles found on an aluminum film 
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Figure 25. SEM image of aluminum film deposited on a glass slide. 
Film deposited at 1 cm from Al target.   Aabl = 308 ran, Iab,«lxl 08 W/cm2, 18000pulses. 
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Figure 26. QCM measurement showing deposition of aluminum particles. 
AM = 308 ran, 90 mJ/pulse focused to 0.03 cm2 area spot, 10 Hz rep. rate, Iab! &9xl07 W/cm2. 
Quartz crystal microbalance located 20 cm from ablation target surface. 
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Figure 27. Close-up of ablated groove shown in Figure 8. 

Figure 28. Closer view of ablated aluminum target surface. 
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deposited on a glass microscope slide located 1 cm from the ablation target surface. The 
ablation target surface history is similar to that of the target depicted in Figure 8, and is typical 
of metal ablation targets that have been exposed to tens of thousands of ablation pulses. The 
largest of the particles in Figure 25 have masses of- 1 ng, and Figure 26 shows that they can 
also be easily detected in QCM deposition experiments by the abrupt jumps they induce in the 
measured film thickness. Figures 27 and 28 are SEM images of the groove in the ablation 
target shown at increasing magnifications. 

The origin and formation mechanising) of such particulates is still a topic of current 
research28,29'45"51. However, our QCM observations suggest that the particles arrive suddenly 
and individually at the deposition surface, and our SEM images confirm the presence of likely 
particle precursor structures at the ablation target surface. Thus, our data support the 
contention that the particulates are transferred from the ablation target surface to the deposition 
surface directly, rather than forming by condensation in the gas phase or at the deposition 
surface. The rate of particle transfer is apparently strongly dependent on I^i, and "threshold" 
intensities can be found below which the particles are not easily detected using our methods. 

4.4.3 Metastable excited species 

We have not performed any experiments to determine the extent to which metastable 
electronically excited species persist in our TASSPI beams. We present here our rationale for 
their probable importance, and for performing further studies along these lines. 

The presence of electronically excited neutral and ionic species in laser ablated plumes is 
obvious from even the simplest analysis of plume emission spectra. Examples of such studies 
are too numerous to list exhaustively here, however we note that our approach, analysis, and 
results closely follow the pioneering work of Knudtson, et al. reported in Ref. [52]. Our data 
were collected in preparation for the transient absorption studies we reported in Refs. [19] and 
[20] (Appendices A & B). 

Figure 29 shows the typical dependence of these emissions on distance from the ablation 
target surface. The peak at 396.4 nm is assigned to the Al atom 3s23p(2P°) <- 3s24s(2S) 
transition, while the peaks at 358.6,466.9, 560.9, and 625.0 nm are due to Al+ ions, and those 
at 453.2 and 569.5 nm to Af* ions53 (see also Table II). Detailed analysis of such spectra can 
yield valuable information about conditions within the ablated plume. For instance, the 
observed integrated emission intensity from state i to state f, If<_i, is proportional to the 
number density of species in state i, NJ: 

Ifi-iOcNigiAs (14) 

in which: As is the transition probability between states i and f, and gi is the degeneracy of state 
L Figure 30 shows the results of such an analysis which reveals the rapid decay of emissions 
from charged species as the distance from the ablation target surface increases. 

These spectra can also yield local plume properties such as the electronic temperature, 
Te. Assuming local thermodynamic equilibrium (LTE), the relative intensities of the emission 
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Figure 29. Time-integrated emission spectra of laser ablated aluminum plume. 
Spectra recorded at various distances from the ablation target surface using a 10 jus gate, 
Xatj = 308 nm, Iab, »lxlO8 W/cm2. 
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Figure 30. Relative number densities of Al*, Al+, and Al" species. 
Integrated emission intensities from same experiment as shown in Figure 29. 
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Table n. Parameters for electron temperature calculation. 
From Ref. 53, see text for definitions. 

Transition X fnm)           E; (cm" *1 & A, no8 s') Li_; (tab.) 
*D - JP0 466.3              106921 3 0.53 0.659 
1P° - 'D 559.3              133914 5 1.1 0.309 
3po _ 3-i-v 623.7               121481 15 1.10 1.768 
3po _ 3S 683.0               120090 3 1.0 0.310 
3S - 3P° 704.9               105453 9 0.58 1.609 

in which: N0 is the ground state population, Z is a partition function, Ei is the energy of state i, 
and kB is Boltzmann's constant. A plot of the left hand side of Eqn[15] vs. E; yields a straight 
line with slope -l/kBTe, so Te can be determined without any knowledge of N0 or Z. Figure 31 
shows such a plot for emission data taken 1.25 mm from an ablated ahuninum surface; the 
resulting Te is « 22000 K (1.8 eV); Table II includes the other parameters used in the 
calculation. Similar attempts to extract Te for distances greater than « 2 mm from the ablation 
surface give poor straight line plots, indicating that the assumption of LTE is failing as the 
plume expands and freezes in nonequilibrium excited state distributions. 

The disparity between the characteristic electronic energy embodied in Te, and the much 
larger KEs of the atomic and ionic species is striking. One might expect that the incident laser 
energy should couple most strongly to the electronic degrees of freedom54, and that subsequent 
trickle-down energy transfer processes would set the magnitude of the KEs of the heavier 
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Figure 31. Electronic temperature of laser ablated aluminum plume. 
Spectrum recorded at 1.25 mm from the ablation target surface; same experimental conditions 
as for Figure 29. See Table IIfor parameters used in Te calculation. 
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Figure 32. Decay of electron density with distance from ablated surface. 
Experimental conditions as in Figure 29. 

species55. However, the observation of atoms and ions with KEs of 10 to 100 eV issuing from 
plasmas with Te« 2 eV points to the highly nonequihbrium nature of the heavy particle 
acceleration process, and evokes hydrodynamic56,57 and electrostatic58,59 explanations. 

Another local property available from the experiment depicted in Figure 29 is the 
number density of free electrons, Ne, which can be estimated from the Stark effect broadening 
of the emission lines. Under our experimental conditions the linewidth relationship simplifies 
to52: 

AXtme (nm): 
N^cttT3) 

10 18 

in which: AAtme is the portion of the observed linewidth due to Stark broadening: 

AAttue — A">observed - AAjnstrument 

(16) 

(17). 

Figure 32 shows the results of this analysis, using the width of the Al+ 3p2(*D) <- 3s4p(1P°) line 
at 466.3 nm; the observed linewidth reaches the instrument limit for distances over 2 mm from 
the surface. 

Finally, Figure 33 shows time-resob/ed emission measurements of the Al atom line at 
396.4 nm, and the weaker Al+ line at 358.6 nm. The rise and fall of the Al atom emission 
occurs on a timescale much longer than the 7 ns radiative lifetime of the upper 2S state, direct 
evidence that the population is being continually replenished, probably by the relaxation cascade 
following electron/ion recombination, and/or by excitation of ground state Al atoms by 
collisions with electrons. 
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Figure 33. Time-resolved emissions from laser ablated aluminum plume. 
Spectra recorded at 3 mm from surface using a 150 ns gate; Aabi = 308 nm, IM < 1x10sW/cm2. 

All the emission data presented in this section point to a picture of the laser ablated 
plume as a rapidly expanding, cooling plasma, for which LTE of the electronic degrees of 
freedom holds only in the densest regions within a few millimeters of the target surface. As the 
plume expands and rarefies, the many-body interactions which promote recombination and 
equilibration become less frequent, and several energy relaxation mechanisms effectively shut 
down. Some fraction of the electrons and ions fail to recombine and can be detected at large 
distances from the ablation target surface (e.g., the Mg+ ions in Figure 19). Other electronically 
excited species, although isolated, can still lose energy by radiative decay. However, 
spontaneous emission is dramatically less effective in relaxing species in highly excited 
"Rydberg states," for which the average radiative lifetime increases as x ~ n   where n is the 
principal quantum number60. Such species may be able to survive the ~ 10 us flight time from 
the ablation target surface to the detection or deposition region in our experiments. 

We have not attempted to detect Rydberg atoms in our atomic beams using, for 
example, electric field induced ionization61'62 with fields of 103 to 106 V/m Such an apparatus 
could be readily attached to our modular TASSPI source, and it seems likely that such an 
experiment would be successful62, (^antrfying the content of metastable excited species in our 
beams would fill in a large hole in our characterization of their purity. 

Conclusions: the purity of the atomic beam produced in a TASSPI experiment depends 
critically on the ablation conditions. For several systems, restricting ablation laser intensities is 
an effective approach for minimizing the yields of metal clusters and particulates. The presence 
of metastable electronically excited species is suspected, but remains unproved. 
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4.5 Maximum Achievable Beam Fluxes 

Question: what is the maximum flux of velocity selected atoms obtainable from a laser 
ablation TASSPI source, and how can present flux levels be improved? In our initial 
publications, we reported velocity selected Al, Ga, and In atom fluxes of 
O ~ 10n atoms/cm2-eV-pulse at a working distance of 10 cm from the ablation target 
surface21'22 (Appendices C & D). As shown above in Figure 10, we have also achieved 
unselected Al atom fluxes of O ~ 1012 atoms/cm2-pulse at a working distance of 8 cm 

We have considered a number of approaches towards higher atomic fluxes. Figure 10 
also shows how higher atomic fluxes can be obtained by increasing Iabi, however this results in 
the simultaneous production of a profusion of particulates, as discussed above. 

The technique of "two-stage" laser ablation63'64, in which ablation occurs from a 
concave surface, has been demonstrated to produce atomic beams focused to a spot at the 
center of curvature of the ablation target surface! We have noted a related effect in that the 
divergence of our laser ablated beams appears to decrease as the groove (see Figure 8) is dug 
into the ablation target surface. Figure 34 shows the angular distribution of aluminum metal 
deposited onto a glass slide 1 cm from the target surface into which a 0.8 mm wide by 0.3 mm 
deep groove had been cut by the action of the ablation laser. The distribution is sharply 
forward peaked; the fit shown is to a cos9(0 - 5°) distribution. We briefly attempted ablation 
from a precut machined groove, but found no advantage over the naturally occurring groove. 

-45       -30       -15 0 15        30        45 

angle from target surface normal (*) 
-0.8 -0.4 0.0 0.4 0.8 

transverse distance (arb.) 

Figure 34. Directionality of laser ablated aluminum plume. 
Left panel shows absorbance of an aluminum film deposited on a glass slide 1 cm from target 
surface; XM = 308 nm, 7aW »lxl 08 W/cm2. Right panel shows a polar plot of the same data. 
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Our most productive approach to increasing the delivered atomic flux has been to 
increase the area of the ablation laser focus spot, while maintaining law just below the threshold 
for copious paniculate production. The larger ablation spot, combined with a larger (4 mm 
diameter) beam defining aperture, results in a measurably larger atomic flux along the beam 
centerline. An example was shown above in Figure 22 for laser ablation of copper metal; the 
highest film growth rates translate to a Cu atom flux of <£ « 5xl012 atoms/cm2-pulse at a 
working distance of 10 cm. In other experiments, we have managed to deliver up to 100 mJ 
per pulse to the ablation surface, resulting in fluxes of order 1013 atoms/cm2-pulse at 10 cm 
The downside to this approach is that as the atomic beam diameter increases, the PI laser pulse 
energy required to maintain FPi at an appropriate level for TASSPI velocity selection also 
increases. This would not pose a problem for the Al system, but would require very frugal 
stewardship of every PI laser photon for the Ga and In systems. 

Conclusion: atomic fluxes of ® ~ 1013 atoms/cm2-pulse have been demonstrated at a 
distance of 10 cm from the ablation target surface. Higher fluxes might be realized at the 
expense of higher ablation and PI laser pulse energies, focused to produce larger diameter 
atomic beams, while keeping 1M low enough to avoid p articulate production. 

4.6 Matrix Depositions Using TASSPI Geometry 

We discussed in the Introduction how this project was originally motivated by our 
efforts to understand the trapping of metal atoms in cryogenic solids. We had conjectured that 
the novel effects of new trapping site formation and efficient atomic isolation were caused by 
"implantation" of fast laser ablated metal atoms into these soft van der Waals solids. Ironically, 
when we consolidated our TASSPI and matrix deposition apparatus (Figure 35), we 
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Figure 35. Matrix deposition experimental schematic. 
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Figure 36. Li/Ar matrices. 
As-deposited Li/Ar matrices with T = 20 K, 
Iabi &4xl07 W/cm2, 30 mJ/pulse, 10 Hz 
repetition rate, 15 minute Li deposition time, 
Ar inlet flow rate = 1.1 mmol/hr. The legend 
"old magnets " refers to the 0.74 cm spacing 
used in the original deflection magnet assembly 
which provides afield of 4.4 kGauss at its 
center. 
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Figure 37. Al/Ar matrices. 
As-deposited Al/Ar matrices with 
T = 20K, IM * 1. IxlO8 W/cm2, 
160 mJ/pulse, 10 Hz repetition rate, 
15 min. Al deposition time, Ar inlet flow 
rate = 1.0 mmol/hr. The legend "new 
magnets " refers to the 2.0 cm spacing 
magnet assembly which provides a 
field of 1.9 kGauss at its center. 

demonstrated conclusively that these novel effects are due to deposition and subsequent 
neutralization of laser ablated nascent metal ions, not fast atoms65'66. As Figures 36 and 37 
show, we found that simply inserting the ion-rejection magnets into the ablated atomic beam 
results in the nearly complete loss of the Li and Al atom Ar matrix absorptions. Perversely, the 
ion-rejection magnets seem to have little effect on the depositions of Li or Al atoms in hydrogen 
matrices, leaving us without a unified explanation with which to correct our previous mis- 
interpretations. 

To date we have not attempted any matrix depositions of velocity selected atoms. 
Depositions in Ar and other rare gas matrices seem pointless without the spectroscopic 
diagnostic which accompanies novel trapping site formation. We may eventually pursue 
TASSPI depositions of Al atoms into hydrogen matrices to determine the KE dependence of 
the Al atom isolation efficiency, and in particular to investigate the existence of energetic 
thresholds for any Al-H2 reactions accompanying the deposition. 
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5.0 CONCLUSIONS AND RECOMMENDATIONS 

We have demonstrated velocity selection of fast laser ablated metal atoms by a novel, 
non-mechanical technique which we named TASSPI for "Temporally And Spatially Specific 
Photoionization." This approach has a number of advantages over mechanical velocity 
selection schemes, including compact size, and suitability for use with atomic velocities in 
excess of 106 cm/s. Our successful TASSPI observations are well explained by a simple one- 
dimensional model invoking prompt production of all species on a timescale comparable to the 
duration of the ablation laser pulse. 

The TASSPI method works remarkably well for Al, Ga, and In atoms, all of which can 
be efficiently photoionized by commercially available ArF excimer lasers. Photoionization of 
other atomic and molecular species remains problematic. Future attempts at using REMPI 
schemes for photoionization might extend the utility of the TASSPI approach to other systems. 

The use of static magnetic fields produced by rare-earth/cobalt permanent magnets to 
deflect unwanted ions from the velocity selected atomic beam is a particularly successful aspect 
of the TASSPI approach. 

Several minor impurities have been identified in atomic beams produced by TASSPI. 
Less than 1% of the ionic species survive the magnetic deflection field. Residual very fast or 
very slow metal atoms which avoid illumination by the velocity selection laser can be a major 
problem for poor choices of ablation/PI laser delays. Metal oxides and hydroxides are 
produced during the initial "cleaning" of the ablation target surface by the ablation laser. Metal 
clusters and particulates are produced in large quantities for ablation laser intensities above well 
defined "threshold" levels, and can be largely avoided by using milder ablation conditions. The 
presence of metastable electronically excited "Rydberg" atoms seems likely, but remains 
unquantified. 

The atomic fluxes achieved in our experiments are more than adequate for our intended 
application of matrix isolation spectroscopy, but they remain a little too low to be attractive for 
other materials sciences apphcations. We have demonstrated fluxes of 1013 atoms/cm2-pulse at 
a distance of 10 cm from the ablation target surface. Using kilohertz repetition rate excimer 
lasers would yield average fluxes of 1016 atoms/cm2-s, which are just beginning to get 
interesting for thin-film depositions. Future efforts to increase the atomic flux without 
sacrificing the purity of the atomic beam should be encouraged. 

The production of new materials via deposition of laser ablated species remains an 
active area of research in applied physics and materials science. We hope that some of the 
techniques developed in this effort will be useful to future researchers working to improve our 
understanding of the physical processes occurring during deposition and within the ablated 
plume itself. We encourage personal inquiries by interested parties with unanswered questions 
about our work. 
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ABSTRACT 

Results of experiments on AI, Li, and Na atomic beams produced by laser ablation 
using XeQ excimer laser pulses (I - 107 to 10* W/cm2) are presented. Plume emission 
spectra showed that further than - 5 mm from the targets most of the excited ablated species 
are in neutral, atomic form. Transient absorption measurements permitted the detection of 
ground state atoms with different flight times, at fixed distances from the target The 
resulting time of flight (TOF) distributions were converted into velocity and kinetic energy 
(KE) distributions. The measured fluxes of fast atoms always increased with ablation laser 
intensity. The velocity distributions could not be fitted to Maxwell-Boltzmann (MB), or MB 
plus stream velocity type distributions. 

For Al plumes, comparison of velocity distributions measured at various distances 
from the target surface indicates that Al atoms are produced within -100 nsec following the 
leading edge of the ablation laser pulse, implying that there is a one-to-one mapping of the 
initial velocities to the distances traveled by the atoms after - 1 nsec. This result should 
encourage efforts to develop a method of velocity selection of laser ablated metal atoms 
based on the spatial separation of the various velocity components along the direction of 
travel. 

INTRODUCTION 

Recent successful efforts at isolating light metal atoms in cryogenic solid hydrogen 
have utilized a combination of pulsed laser ablation of the metal, and traditional matrix 
isolation spectroscopy (MIS) techniques [1,2]. These experiments suggest that the incident 
KE of the metal atoms plays a key role in determining the atomic isolation efficiency of the 
matrix deposition process, and in the formation of novel metal atom trapping site structures. 
Unfortunately, little work has been done to measure the KE distributions of laser ablated 
species prior to matrix isolation. Thus, the immediate goals of this research effort are: (l)to 
characterize the chemical identity and KE distributions of laser ablated species under our 
specific experimental conditions, and (2) to examine the possibility of modifying the nascent 
metal atom KE distributions through a modification of the traditional laser ablation process. 

EXPERIMENTAL 

Fig. 1 depicts the experimental setup, configured for transient absorption 
measurements. The metal ablation targets are mounted on a rotatable rod within a vacuum 
chamber pumped directly by a small turbomolecular pump to - 10"* Torr. The ablated 
plumes are formed by focusing a XeCl excimer laser beam on the targets at an incident angle 
of 45° from the surface normal. The incident laser pulse energies were varied between 3 and 
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Fig.1: Schematic of the apparatus used for the transient absorption experiments. The 
ellipse extending from the target represents the ablatedplume. 

14 ml; the pulse duration was measured as 30 nsec FWHM, and the pulses were focused 
onto a - 0.25 mm2 area, resulting in incident intensities (I) of 2xl07 to 1 xlO8 W/cm2. 

To examine the directionality of the plume expansion, glass microscope slides were 
placed 10 mm from the target in order to collect the products of ablation. The thickness of 
the Al films deposited in this manner were assumed to be proportional to their optical 
density (O.D.) measured as a function of angle from the ablation target surface normal. 

Emissions from the metal plumes were filtered to remove laser scatter, and recorded 
with an intensified, gated, optical multichannel analyzer (OMA) mounted on a 275 mm f.l. 
polychromator. The detection system was both wavelength and intensity calibrated using 
standard techniques. The observation region, a - 200 um wide transverse slice of the 
plumes, was defined by a 100 um wide aperture adjacent to the vacuum chamber and the 
25 urn wide entrance slit of the polychromator. The entire mask/filter/polychromator 
assembly was mounted on a precision translator which was controlled manually by a 
micrometer positioner. Emission spectra were recorded at various distances, Z, from the 
target with a 10 fxsec detector gate. 

Transient absorption spectra were obtained as shown in Fig. 1. Short, polychromatic 
pulses were produced by using a second excimer laser (ArF) to pump a dielectric breakdown 
cell filled with - 1000 Torr of Xe gas, or a Xe:Ne mixture. A 50 mm f.l. quartz lens 
coUimated this emission through the metal atom plumes and onto the polychromator 
entrance slit. A digital delay generator was used to coordinate the arrival of the ablation and 
breakdown laser pulses, and the start of the 20 nsec wide OMA detector gate. The delays 
between ablation and detection were varied between 0.2 and 3.0 usec. As no metal atom 
emissions were detected with this experimental configuration, transmission spectra were 
calculated as the ratio between the OMA signals obtained with both ablation and breakdown 
laser pulses present (S), and that obtained with breakdown pulses only (S„). Both S and S0 

signals were averaged over 100 pulses. As with emission spectra, the transient absorption 
spectra were obtained at various distances from the ablation target surface. 

RESULTS 

The Al deposit optical density data was fitted to O.D. = k cos"(6 - 60), where 9 is the 
angle with the surface normal, and 0„ is the tilt of the axis of the plume. The fit yielded 
n « 9, and the tilt angle 80«= 5°, indicative of a highly directional, near normal plume which 
justifies the simple, one-dimensional analysis of the TOF measurements on Al plumes. No 
such measurements were attempted for Li or Na plumes (vide infra). 
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The Al atomic and ionic emission spectra were used to characterize the properties of 
the plasma formed adjacent to the ablated aluminum surface. The use of a long detection 
gate (10 nsec) yielded fully time integrated spectra, as all emissions were finished on this 
time scale. Ionic emission peaks dominated near the target surface, but became barely 
noticeable for distances Z > 3 mm. Integrated emission intensities were extracted for a 
number of transitions for which the term values, E, degeneracy factors, g, and radiation 
rates, A, of the upper states were readily available [3]. Electron temperatures (Tg) were 
extracted by assuming local thermodynamic equilibrium (LTE) [4,5). Typically, for 
0.8 < Z < 2.0 mm, the plasmas were dense enough for LTE to hold, and Te was of order 
20000 K (~ 2 eV). Electron densities (Np) were also derived from emission spectra by 
measuring the Stark broadening of ionic lines [4]. For 0.8 < Z < 1.3 mm, Ne decreased 
rapidly from 7 x 10" to < 8 x 10,s cm"3, correlating strongly with the disappearance of the 
Bremsstrahlung continuum, and the decrease in Al(III) emissions. 

Typical transient absorption spectra of AI plumes displayed the atomic doublet at 
394.5 and 396.2 nm with a signal-to-noise (S:N) ratio of better than 20:1. For Al and Na, no 
attempt to observe either excited or ionic state absorptions were made. However, for Li, the 
3d«-2p absorption was observed at Z=20 mm for delay times in the 0.6-1.6 usec range. 
From this observation, the relative population of the Li 2p state was estimated to be - 10 % 
of that of the ground state. The time evolution of the absorption intensity following the 
ablation laser pulses gives the TOF distribution of the ground state atoms. For Al, TOF 
distributions were measured at Z = 5 and 10 mm; the raw data are displayed in Fig. 2. An 
important correction to the raw TOF data was required since metal atoms traveling faster 
than v* = (width of observation region)/(detection time) •> (200 jim/20 nsec) 
■ 1 x 10s cm/sec spent less than 20 nsec in the observation region, and thus had a lower 
detection probability than slower atoms. Thus, we corrected all TOF data for the following 
detection probabilities, P(v): 

P(v)=l for      vSv*. (1) 

P(v) = v*/v = v*t/Z for      v>v*. 

The transformation of the TOF distributions into velocity and KE distributions also deserves 
special attention, as the differential element, dt, in the TOF distribution is not equal to the dv 
or dE appearing in the velocity and KE distributions, respectively. Consequently, when 
converting TOF distributions into velocity distributions, we used the following equation: 

Nvel(v)dv=(tl/Z>V2/v>dt (2) Vel P(v t/Z) V ' 

Al velocity distributions are presented in Fig. 3. Similarly, for converting TOF distributions 
into KE distributions, we used: 

HrdE    (2tVmZ'>N™(Z(m/2E)"1)dt ... 
E P(v't/Z) W 

Al KE distributions are presented in Fig. 4. 
Laser ablation transient absorption measurements of Li and Na yielded TOF 

distributions with a sharp, intense peak occurring for short delays, followed by a persistent 
"tail" at long delays (> 10 msec). This behavior was seen for the entire range of laser 
intensities used in these experiments. We suspect that these long delay tails are artifacts of 
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our experimental geometry: the plume expansions for Li and Na may be less directional 
than for Al, so Li and Na atoms may enter the observation region at large angles from the 
surface normal. Because of this difficulty, only the short arrival time portions of the Li and 
Na KE distributions are presented in Figs. 5 and 6, respectively. 

Fig. 2: TOF spectrum of ground state Al atoms, recorded by monitoring the 4s«-3p 
absorption doublet for ablation intensities -l(f Wlcm*. 
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Fig. 3: Velocity distribution for ground state Al atoms obtained after using eqn. (1) and 
eon. (2). 
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Fig. 4: Kinetic energy distribution for ground state Al atoms obtained after using eqn. (3). 
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Fig. S: Kinetic energy distributions for ground state Na atoms obtained from measurements 
made for Z-10 mm, at laser intensities in the 3.4xl07 to 7.0xl07 Wlcm2 range. 
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Fig. 6: Kinetic energy distributions for ground state Li atoms obtained from measurements 
madeforZ = 10 mm, at laser intensities in the 2.Jxl07 to 9.4xl07 Wlcm2 range. 

DISCUSSION AND CONCLUSIONS 

The emission and transient absorption measurements indicate that at distances greater 
than Z - 5 mm from the metal surface the major constituent of the laser ablated plumes are 
ground state metal atoms. The Al atom velocity distributions obtained from the transient 
absorption measurements were similar to those measured by other means for similar laser 
intensities [6-8]. We attempted to fit the observed Al atom velocity distributions to the MB 
form without much success; such difficulties have been reported before [6.8]. Similarly, fits 
were attempted to a modified MB form [9] that included a stream velocity; the extra 
parameter resulted in only a slightly better fit. The high typical KE's of the atoms (- 10 eV 
for I - 1.0 x 10« W/cm2 for Al atoms) are especially puzzling in view of the much lower 
electronic temperatures (- 2 eV) measured under the same conditions. In all the cases 
studied, the high KE tails of the distributions (which can stretch out to 80 eV) remain 
unexplained. These results all point to the highly non-equilibrium nature of the process 
which imparts these velocities to the metal atoms. The Al atom velocity distributions 
observed at Z = 5 and Z = 10 mm were not identical, as shown in Fig. 3. We attribute the 
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small difference to a finite production time for the Al atoms following the arrival of the 
ablation laser pulse. Simple stochastic computer simulations of our experiment suggest a 
-100 nsec wide "window" for the establishment of an initial velocity distribution, followed 
by an essentially free expansion thereafter. This interpretation implies that there is a good 
one-to-one mapping of the initial velocities to distances traveled from the target after a delay 
of - 1 psec We will continue to pursue efforts to develop a velocity selected laser ablation 
metal atom source based on this spatial separation of the different velocity components. 
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APPENDIXE 

Comparison of short range and asymptotic measurements of the kinetic 
energy distributions of laser ablated aluminum atoms 

Michel Mader*> and Mario E. Fajardo 
Propulsion DirtctoratdRKFE, Phillips Laboratory, Edwards APB, California 93524-7680 

(Received 17 February 1994; accepted for publication 30 April 1994) 

We compare the kinetic energy distributions of ultraviolet exdmer laser ablated Al atoms measured 
within 1 cm of the metal surface by optical transient absorption, to those measured over 20 cm from 
the surface by pulsed pbotoiomzaaan time-of-flight mass spectromeby. For the mud ablation 
conditions used the distributions are the same. This result demands the existence of a good 
one-to-one correspondence of atomic velocity to distance traveled from the ablated surface on the 
~1 /a timescale of the short range measurement, suggesting that the duration of the Al atom 
production period is €100 as. This study establishes the viability of a novel concept for a compact 
velocity selection scheme for faster laser ablated neutral species. 

We have been investigating the production of cryogenic 
solid hydrogen samples doped with laser ablated metal atoms 
for use a» prototypical high energy density matter (HEDM) 
systems.1-4 Our experiments suggest that the incident kinet- 
ics energy (KE) of the metal atoms plays a key role in de- 
termining the atomic isolation efficiency of the sample depo- 
sition process,1 and in the formation of novel metal atom 
trapping site structures.2 We have recently published1 the re- 
sults of our efforts to characterize the KE distributions 
(KEDs) of laser ablated species via optical transient 
absorption6 (OTA) methods; in this manuscript we include 
new OTA data and a comparison to results obtained with an 
electrostatic energy analyzer time of flight mass spectrometer 
(EEA/TOFMS) system7 employing pulsed laser pbotoioniza- 
tion (PI) of neutrals. 

Figure 1 is a schematic diagram of the experimental ap- 
paratus. The aluminum ablation target is mounted on a rotat- 
able rod within a high vacuum chamber pumped directly by 
a small turbomolecular pump to —10 Torr. The ablated 
plumes are formed by focusing a XeQ exdmer laser beam 
(x=308 nm) on the target at an incident angle of tf—45° 
from the surface normal. The incident laser pulse energies 
vary between 3 and IS mJ and are focused to incident inten- 
sities (/„*) of 2X107-1X10* W/cm2; typical pulse repetition 
rates are —5 Hz. We estimate the threshold tor visible plasma 
formation as IM~25X10> W/cm2. Our previous studies 
have shown that after a few minutes of operation, a circular 
track is cut into the metal target surface which serves to 
direct the ablation products into a narrow plume; we have 
measured total aluminum mass fluxes with angular depen- 
dences of —cos'($. This geometry and these ablation condi- 
tions provide for stable operation and continuous data acqui- 
sition for well over an hour. 

WB probe the ablated plumes via OTA by using a second 
excimer laser (ArF, 193 nm) to pump a dielectric breakdown 
cell filled with -1000 Torr of Xe gas. The resulting short 
polychromatic pulses are collimated by a 5 cm focal length 
(f.1.) quartz lens and pass through a pair of narrow slits 
which define the Ax~0.02-cm-wide observation region. The 

raw optical data are recorded with an intensified, gated, op- 
tical multichannel analyzer (OMA) mounted on a 275 mm 
fj. polychromator. A digital delay generator is used to coor- 
dinate the arrival of the ablation and breakdown laser pulses 
and the start of the Af-20-ns-wide OMA detector gate. 
lypicaDy, no metal atom «n««««« are detected with 
this geometry, thus OlA spectra are calculated as 
A=-log,(///„) in which/ is the OMA signal obtained with 
both ablation and breakdown laser pulses present, and 70 that 
obtained with breakdown pulses only. Both / and /0 signals 
are averaged over 100 pulses; an Al atom OIA spectrum is 
depicted in Fig. 2. We integrate these OTA spectra obtained 
at various delays after the ablation laser pulse, and correct 
for the velocity dependent detection probability (for Al atom 
velocities greater than Ax/Ar—106 cm/s) to yield the TOP 
distributions, N(t)dt, fix the Al atoms.3 We have previously 
presented the equations required for properly transforming 
these data to yield the velocity, N(v)dv, and KE, 
N(KE)dKE, distributions.5 The entire breakdown «fl/madr/ 
polychromator assembly is mounted on a precision translator 
which allows the OIA spectra, and velocity and KE distri- 
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buttons, to be obtained as a function of distance from the 
ablation target surface. 

Our arrangement for measuring the Al atom KEDs with 
a commercially available EEA/TOFMS system7 is also 
shown in Fig. 1. Hie EEA/TOFMS components are housed 
in an ultrahigh vacuum enclosure separated from the ablation 
source region by a 0.2-cm-diam aperture, and differentially 
pumped to —10"* Ton. We operate the EEA at a constant 
internal pass energy of Up»=10.0 eV, and with a mechanical 
configuration which yields a constant energy resolution of 
AEEEA—0.27 eV. The incident KE of the ions transmitted by 
the EEA is controlled by biasing the entire EEA relative to 
the vacuum enclosure. 

The atomic beam is defined by the ablation laser impact 
spot and the 0.2-cm-diam isolation aperture which is located 
—6 cm from the aluminum metal surface. For making mea- 
surements of the Al atom KEDs, we use a permanent mag- 
netic field to deflect the nascent Al+ ions out of the atomic 
beam. We sandwiched two 1.2-cm-diam permanent magnets 
on a 0.5-cm-thick polymer spacer in which we had drilled a 
03-cm-diam dear hole at 90* to the magnetic field. This 
arrangement provides a 2.8 kG deflection field which,, when 
located 25 cm from the ablation target surface, efficiently 
rejects Al+ ions with KEs below about 30 eV. This down- 
stream magnetic field has no apparent effect on the Al atom 
KEDs measured by OTA at distances of 1.0 and 0.5 cm from 
the metal surface. 

We take advantage of an extremely strong (o"»10-w 

cm2) autoionization resonance* of the A] atoms coincident 
with the 193 run ArF excimer laser output to ionize the Al 
atoms with over 98% efficiency by a single photon process. 
This PI scheme makes the measurements most sensitive to 
ground state Al atoms. The PI beam is "»05 cm wide and 
intersects the atomic beam in the ionization region of the 
EEA, Xp,~22S cm from file ablation target surface. The 
finite width of the ionization region, Axn, contributes an' 
additional uncertainty, A£FI, to the KE measurements, since 
AEH/KE=2Axw/xw~0.44; A£n becomes greater than 
AEBBA *°r KE>6 eV. The ions mat are transmitted by the 
EEA are accelerated to —2.0 keV, pass through the 1 m TOF 
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tube, and are detected by a low gain (X103) microchannel 
plate (MCP) detector. 

This mmhrnatinn of pulsed laser PI and electrostatic en- 
ergy analysis, along with the time dependence of the MCP 
signal, gives ostensibly redundant TOF information which is 
in fact crucial to identifying any non-Al atom Al* precursors 
present in die PI region. Aluminum clusters and particles are 
produced in abundant* for lMJt7XlO' W/cm2; they, along 
with the ablation products of surface oxides and other con- 
taminants, can contribute to the MCP detector signal if 
photofragmented and photoionized9 by the ArF laser to pro- 
duce kms of the proper KE to transit the EEA. These photo- 
fragment ions can be distinguished from the Al+ formed by 
PI of Al atoms by their arrival times at the MCP: the former 
appear at fixed delays from the PI laser while the latter ap- 
pear at a fixed delay from the ablation laser. This effect can 
serve as a very sensitive diagnostic tor the presence of nona- 
tomic species in the ablated plume;10 however, if .unrecog- 
nized, it can lead to a gross- overestimatioo of the low KE 
ablated Al atom flux.' In this study we concentrate on the 
ablated Al atoms by integrating the MCP signal over just the 
narrow range of appropriate Al+ arrival times, as determined 
in low ablation intensity PI experiments, and in measure- 
ments of nascent ablated Al+ ions made without the rejection 
magnets. By varying the delay between the ablation and PI 
lasers and integrating the MCP signals as discussed above, 
we obtain the TOF distributions of the AI atoms arriving at 
the PI region with a given KE These TOF distributions for 
each KE are in turn integrated to yield directly the contribu- 
tions to the KEDs. 

Figure 3 shows a comparison of the Al atom KEDs ob- 
tained by the OTA method at x~0.5 cm, and by the EEA/ 
TOFMS technique, obtained at two different ablation laser 
intensities. Data from the two techniques were obtained in 

MMaderandM. EFajento 

49 



consecutive experiments and should represent directly com- 
parable ablation conditions. In both cases die agreement is 
remarkably good, even cpiwidrring the large error bars on 
the low KE OTA data. These data are also typical of Al atom 
KEDs obtained at moderate ablation laser intensities by other 
techniques.11-14 

The observed agreement between the "short range" OTA 
and "long range'' EEA/TOFMS data requires the existence 
of a good one-to-one correspondence between atomic veloc- 
ity and distance traveled from the ablated surface at the time 
of the OTA measurement This, in turn, suggests that, for our 
experimental conditions, the temporal and spatial scales of 
the processes that determine the KEDs of the laser ablated Al 
atoms are much smaller man the ~1 fts time and 0.5 cm 
length scales of the OTA measurements. Lower limits for 
these KED preparation time and length scales can be esti- 
mated, from the ablation conditions: For our ablation laser 
temporal profile, over 90% of the energy is delivered within 
~50 ns; typical ablation products velocities of —10* cm/s 
imply expansion of the plume to —0.05 cm dimensions. Pro- 
cesses such as Kuudsen layer formation,15 or other gasdy- 
namic and plasma hydrodynamic considerations may stretch 
out the establishment of the KEDs, particularly at higher 
ablation laser intensities which provide for higher mass and 
energy densities. However, our results limit such processes to 
a rimescale of £100 ns, under the present experimental con- 
ditions. 

In fact, we have recently exploited this spatial separation 
of the various velocity components along the direction of 
travel to demonstrate velocity selection of the Al atoms by a 
novel, compact, nonmechanical technique. These experi- 
ments are still in a preliminary stage; we will report our 
results upon their completion,16 
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APPENDIX C 

Velocity selection of fast laser ablated aluminum atoms by temporally and 
spatially specific photoionization 

Michel Macler** and Mario E. Fajardo 
Propulsion DirectoraielRKFE, Phillips Laboratory, Edwards AFB, California 93524-7680 

(Received 31 May 1994; accepted for publication 23 August 1994) 

Hie successful demonstration of velocity selection of fast aluminum atoms by a novel, 
nonmechanical technique is reported. Pulses of atoms with broad velocity distributions are produced 
by laser ablation of aluminum metal. A second pulsed laser, delayed by ~ 1 /is and crossed at a right 
angle to the atomic beam, is used to photoionize only those atoms with unwanted velocities, i.e., 
atoms moving too fast or too slow to be hidden behind an opaque mask placed —1 cm from the 
ablated surface. Hie photoions are subsequently deflected from the beam by a static magnetic field. 
Velocity selected Al atom fluxes equivalent to 4>~10u atoms/(cm2 eV pulse) at a working distance 
of 10 cm are demonstrated. © 1994 American Institute of Physics. 

Our research has recently focused on the mechanisms of 
vapor deposition of impurity atom doped cryogenic van der 
Waals solids.1,2 We have conjectured that the incident kinetic 
energies (KEs) of the codeposited impurity metal atoms is a 
key factor influencing the reactive and nonreactive micro- 
scopic dynamics of these processes. Resolution of these is- 
sues would be facilitated by the availability of a compact 
source for producing an intense, directed beam of nearly mo- 
noenergetic metal atoms with KEs tunable throughout the 
chemically important 1-20 eV range. Unfortunately, existing 
sources3 based on neutralized ion beams are of limited utility 
due to low space-charge limited fluxes at the lower KEs.4,5 

An alternative compact ion acceleration/neutralization 
scheme6 cannot be used in corrosive environments (e.g., B or 
Al vapor) due to materials incompatibilities. Also, for the 
lightest atoms of interest (e.g., IS, B), KEs> 10 eV require 
atomic velocities well over 106 cm/s—above the capabilities 
of compact mechanical velocity selectors.7-9 

However, laser ablation of metals provides a copious 
source of neutral and ionic, atomic and molecular metallic 
species with broad kinetic-energy distributions (KEDs) over- 
lapping the desired range.10,11 We recently reported on mea- 
surements of KEDs of laser ablated Al atoms made close to 
Qt=0.5 cm) and far from (i=22.5 cm) the ablated metal 
surfaces.12 The good agreement between these measurements 
demonstrates the existence of a strong one-to-one correlation 
between atomic velocity and distance traveled from the sur- 
face on the ~1 /us time scale of the short-range measure- 
ment. In this letter, we describe experiments which take ad- 
vantage of this spatial separation of the various velocity 
components within the ablated plume to provide the proof- 
of-concept demonstration of a novel, velocity selected, laser 
ablation based metal-atom source. 

Figure 1 shows a schematic diagram of the experiment. 
The ablation source region configuration is described in 
greater detail in Ref. 12. Briefly, the ablated plumes are gen- 
erated by a focused ablation laser (X=308 nm, incident in- 

tensities IM of 4X107-l.lX108W/cm2); the plume products 
pass through a magnetic-field region (|B|=2.8 kG) which 
deflects and rejects the ionic species (e.g., Al+ ions with 
KEs£30 eV); the undeflected neutrals pass through a 0.2 cm 
diameter aperture at x=6.0 cm from the ablated surface. 

We characterize the resulting neutral beam with a com- 
mercially available electrostatic energy analyzer/time-of- 
flight mass spectrometer (EEA/TOFMS) system13 employing 
pulsed laser photoionization (PI) of neutrals. We use an ArF 
excimer laser for the PI step, since the output at X-193 nm 
is coincident with an extremely strong (o-=2X10~16 cm-2) 
Al atom autoionization resonance.14 Easily attainable PI laser 
fluences of FPI=15 mJ/cm2 result in calculated and observed 
AI atom PI efficiencies of over 95%. The photoions of the 
proper KE that transit the EEA are accelerated to Z0 keV, 
pass through the 1 m TOF tube, and are detected by a low 
gain (X103) microchannel-plate (MCP) detector. By scan- 
ning the delay between the ablation and PI lasers, and inte- 
grating the MCP signals over the range of arrival times cor- 
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FIG. 2. Photoionizauan laser fluenee dependence ofKE=2eVAl+signal il 
various ablation laser intensities. 

responding to Al+ ions, we obtain the TOF distributions of 
the AI atom precursor species arriving at the PI region which 
can produce Al+ photoions with a given KE. 

At low ablation intensities, i.e., I^^TX-IQ1 W/cm2, the 
Al atom precursor TOF distributions peak at the correct ar- 
rival times for ablated Al atoms, and show a width corre- 
sponding to the energy resolution of the EEA (e.g., for 
KE=2 eV, AKE=0.27 eV, xH=22.5 cm, »,„^=60 fis, Ar=4 
fts.) However, at higher ablation and PI laser intensities, and 
only for Al+ photoion KEs below 4 eV, we observe a gross 
broadening of these TOF distributions measured at the PI 
region. For example, with 7lbl=l.lX108 W/cm2 and Fw=30 
mj/cm2, 2 eV Al4 photoions are produced from species ar- 
riving at the PI region at delays from 50 to 80 /ts after the 
ablation laser pulse. Scanning electron micrographs of alu- 
minum films deposited using this source show a dramatic 
increase in the number of 100 nm-10 /on diameter alumi- 
num particles as the ablation laser intensity is increased to 
IM^7Xl6' W/cm2. We suggest that the non-Al atom Al+ 

photoion precursors observed in the present experiments are 
in fact aluminum clusters and/or particles that are photofrag- 
mented and photoionized in the PI region to produce low KE 
Al+ ions. 

Figure 2 shows the dependence of the KE=2 cVAl* 
signal on the fluenee of the PI laser, for three different abla- 
tion laser intensities. The ordinate of each point is calculated 
by integrating the complete TOF distributions of the Al+ 

photoion precursors. Figures 2(a) and 2(b) show the low ab- 
lation laser intensity data; the solid curves are least-squares 
fits to the simple first-order saturation equation: 

S=«[l-exp(-0 Fpj)]. (1) 
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FIG. 3. Vdocity selection using a thick «ire mask placed dose to the 
ablation target surface. Toe closed circles show toe nascent Al atom KED; 
the open circles show the result of the VS laser. The experimental conditions 
were /^^XIO7 W/cm2, Fvi=lS mj/cm2, Ax=0.16 cm, jr=0.4S cm, 
'vs—0.94 jus. The error bars represent the r^timatrd ±1 o* limits. 

Figure 2(c) shows data obtained for/lbl=l.lX108 W/cm2; in 
this case the solid curve fit includes an additional term rep- 
resenting a nonlinear, multiphoton process: 

S=ct[l-exp{-ß F„)]+y(Fn)4. (2) 

The PI cross section extracted from the fitted ß constant 
(using the measured AxF pulse full width at half maximum of 
25 ns) is o-p,=1.8(±0.4)X10-16 cm2, in good agreement 
with the previously mentioned Al atom literature value.14 

These results support our assertation that restricting the ab- 
lation source operation to I^^JXW1 W/cm2 yields a beam 
composed primarily of fast Al atoms. 

We accomplish velocity selection (VS) of the Al atoms 
by temporally and spatially specific photoionization 
(TASSPI) of the unwanted velocity components using a third 
excimer laser (ArF), labeled "velocity selection laser" in 
Fig. 1, and rejection of the resulting Al+ ions by the mag- 
netic deflection field. We use a simple opaque mask consist- 
ing of a metal wire of thickness Ax centered at a distance x 
from the ablation target surface, and offset about 1 cm from 
the atomic beam axis. The mask serves to protect the Al 
atoms hidden behind it at the arrival time of the VS laser 
pulse ?vs followed the ablation pulse. The surviving Al at- 
oms have a spread of velocities Ai> (full width at half- 
maximum), centered around a mean velocity v, and a corre- 
sponding spread of kinetic energies AKE, all related by: 

AKE 
KE -^4fUt VS 

rVS 
(3) 

in which Af yj is taken as the sum of the duration of the VS 
laser pulse and the jitter between the ablation and VS pulses 
(A/ys^SO ns). 

Figure 3 shows the results of our first attempt at VS by 
TASSPI in which we used a rather thick wire mask placed 
close to the ablation target surface. The KED of the trans- 
mitted Al atoms has a peak near 4 eV, and a width of 
AKE~3 eV, as predicted by Eq. (3). These data also demon- 
strate good peak transmission T/JKE) of the selected Al 

M. Mader and M. E. Fajardo 

52 



5 10 IS 20 

KB (eY) 

25 

FIG. 4. Velocity selection using a thinner «ire mask placed sear the middle 
of the velocity selection port window. In (a) the closed circles show the 
nascent Al atom KED, the open circles show the result of the VS laser. The 
experimental conditions were /Ä=7X10' W/cm2, FVS=1S ml/cm2, A* 
=0.064 cm, r=0.90 cm, and (vs=1.70 /is. (b) shows the transmission func- 
tion of the velocity selection process for these conditions. The error bars 
represent the estimated ±1 o- limits. 

atoms [7^1(4 eV)~80%] as well as strong rejection of the 
unwanted velocity components throughout the rest of the 
1-20 eV range. 

Figure 4 shows a subsequent attempt to produce a beam 
with a narrower KED by placing a thinner wire mask farther 
away from the ablated target surface. Indeed, the KED of the 
transmitted Al atoms, again peaked at 4 eV, has sharpened to 
AXE=0.65 eV. The data also show one of the limitations of 
our experimental setup: Attempts to produce narrow KEDs 
by placing the mask too far from the target surface can be 
accompanied by an increase in the transmission of the fastest 
Al atoms. This is due to the relatively short overall length of 
our VS region, only 2 cm, so that metal atoms with velocities 
in excess of i>~(2 cm)/'vs escape the effects of the VS laser 
and continue through the magnetic field and beam defining 
aperture. This puts an upper limit on the range of useful 
delays between ablation and VS laser pulses; i.e., ensuring 
that Al atoms with KEs up to ~30 eV are rejected in our 
apparatus requires maintaining rVsa£l-4 /*s- Thus tuning of 
the desired KE of the transmission peak can be accomplished 
either by scanning fvs> within the allowable limits, or by 
mechanically moving the opaque mask to change x. 

We performed a series of Al film deposition rate mea- 
surements using a quartz-crystal microbalance (QCM) in an 
attempt to estimate the order of magnitude of the absolute 
fluxes of the velocity selected Al atoms. First, we removed 
the deflection magnets and beam defining aperture, and 

placed the QCM at a working distance of *=8.0 cm from the 
ablation target Assuming the formation of a bulk Al deposit, 
and a KE independent Al sticking coefficient of unity, we 
estimate a total incident Al flux of *{ir

aH=7X107 W/cm2, 
x=S cm)—1.2X1012 atoms/(cm2 pulse). The ratio of the Al 
deposition rates obtained with this geometry at 
'abi=7X107-5xl07 W/cm2 was Ä-1.8, in fair agreement 
with the corresponding ratio of total Al atom fluxes previ- 
ously measured using the EEA/TOFMS system (i.e., R ~1.6; 
see Ref. 12, Fig. 3). Second, we replaced the deflection mag- 
nets and beam defining aperture, moved the QCM back to a 
working distance of x'=18.0 cm, and confirmed that the Al 
deposition rates scaled roughly as (x/x')2, e.g., 
*CAI=7X107 W/cm2, x=18 cm, no VS)-2.1X10U 

atoms/(cm2 pulse). Finally, we measured the Al deposition 
rates at x=18 cm, while employing VS by TASSPI under 
conditions similar to those used in the original experiment 
depicted in Fig. 3, and obtained <E>(/--=7X107 W/cm2, 
JC=18 cm, AKE<»3 eV)~1.2X10u atoms/(cm2 pulse). The 
ratio of selected to unselected deposition rates at JC=18 cm is 
Ä—0.5, about twice the ratio of selected to unselected total 
Al atoms fluxes in the KEDs shown in Fig. 3, an appropriate 
reminder of the rough nature of these comparisons. From 
these measurements, we estimate that this source delivers 
velocity selected Al atom fluxes of <P~10U 

atoms/(cm2 eV pulse) at a working distance of 10 cm. 
We have also demonstrated VS of Al atoms to produce 

KEDs peaked at 2 and 8 eV, and are stfll in the process of 
optimizing the source operating parameters. We have pro- 
duced Al atom KEDs peaked at 2 eV with widths as narrow 
as AKE-0.2 eV [with*=l.l cm, Ar=0.06 cm, 1^=2.9 (is, 
r(KE=2 eV)=50%, J(KE>6 eV)=100%]. We have noticed 
that the magnitude of the transmission function maximum 
decreases as we use progressively thinner wire masks, indi- 
cating that diffraction of the VS laser beam by the mask is 
significant in our current setup. We hope to overcome this 
problem by adopting laser lithographic techniques and imag- 
ing the mask onto the atomic beam axis. 

Our plans for the immediate future include attempts at 
VS of laser ablated Ga and In atoms, which also have large 
PI cross sections at 193 nm.u 
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BY A NOVEL NON-MECHANICAL TECHNIQUE 

MARIO E. FAJARDO AND MICHEL MACLER* 
Emerging Technologies Branch, Propulsion Directorate, Phillips Laboratory, 
OLAC PL/RKFE, 10 E. Saturn Blvd., Edwards Air Force Base, CA 93524-7680. 
*AFMC PL/NRC Post-doctoral Research Associate. 

ABSTRACT 

We present the results of experiments on velocity selection of fast laser ablated AI, 
Ga, and In atoms by a novel, non-mechanical, technique. Pulses of atoms with broad 
velocity distributions are produced by laser ablation of a single component pure metal 
target in vacuum. After a delay of ~ 1 us, there exists a strong one-to-one correlation 
between atomic velocity and distance traveled from the ablated surface. Thus, a second 
pulsed laser, delayed by - 1 us and crossed at a right angle to the atomic beam, can be 
used to photoionize only those atoms with unwanted velocities, i.e.: atoms moving too 
fast or too slow to be hidden behind an opaque mask placed ~ 1 cm from the ablated 
surface. The photoions, and any ions surviving from the ablation event, are subsequently 
deflected from the beam by a static magnetic field. By a fortunate coincidence, Al, Ga, 
and In atoms all have very large single photon photoionization cross sections at 193 run, 
the output wavelength of the ArF excimer laser; thus, well over 95% of the unwanted 
atoms can be easily photoionized and rejected. We have demonstrated velocity selected 
Al, Ga, and In atom fluxes equivalent to <1> - 10n atoms/tcn^-eV-pulse) at a working 
distance of 10 cm. 

INTRODUCTION 

Pulsed laser ablation of solid targets is an increasingly popular technique for the 
deposition of a wide variety of thin film materials [1]. There are many fundamental and 
applied studies underway of e.g.: laser/surface interactions, plume plasma 
hydrodynamics, plume composition vis-ä-vis ions/neutrals/clusters/particulates, internal 
and kinetic energy content of ablated species, etc., and of how all these factors ultimately 
affect the processes of thin film deposition and growth. Unfortunately, progress towards 
this ultimate goal is hampered by the bewildering complexity of the phenomena involved, a 
predicament that has been likened to studying "a tornado in a garbage can." We believe 
that any modification of "standard" laser ablation techniques which result in a 
simplification of this situation, and/or in improved parametric control over deposition 
conditions, will prove to be highly valuable to the thin film deposition community. 

As a case in point: we have been employing pulsed laser ablation of metal targets 
as a source of metal atoms for matrix isolation spectroscopy (MIS) studies for several 
years now [2-6]. We prepare our MIS samples by codepositing the products of a laser 
ablated plume along with a large excess of an inert matrix host gas onto a cryogenically 
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cooled substrate. These experiments have lead us to hypothesize that the incident kinetic 
energy (KE) of the ablated metal atoms plays a key role in determining the atomic isolation 
efficiency of the matrix deposition process, and in the formation of novel metal atom 
trapping site structures. 

However, this hypothesis is largely speculation, as we have not measured in situ (in 
our MIS apparatus) the actual composition of these laser ablated plumes, or the kinetic 
energy distributions (KEDs) of the ablated atoms. Furthermore, the laser ablation process 
can produce a mixture of metal atoms, clusters, and ions with rather broad KEDs, in some 
cases with KEs tailing out to several tens of electron volts. Thus, we undertook an effort 
to better characterize the chemical identity and KEDs of the laser ablated species produced 
under our experimental conditions, and to find out if we could gain improved control over 
these properties [7,8]. This effort culminated last year in our demonstration of velocity 
selection of fast laser ablated Al atoms by Temporally And Spatially Specific 
Photolonization (TASSPI) [9]; a novel, non-mechanical technique which provides a clean, 
stable, compact, intense, and tunable source of fast monoenergetic metal atoms for MIS 
experiments in particular, and thin film depositions in general. 

In this manuscript, we briefly describe the TASSPI technique, and present the 
highlights of our recent results on velocity selection of Ga and In atoms; the interested 
reader is directed to ref . 9 for details of our Al atom work. A more detailed presentation 
of all our TASSPI related work is currently in preparation [10]. 

photo— 
ionization 
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selection 
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ablation 
laser 

target 

Fig. 1: TASSPI Experimental Diagram. 
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EXPERIMENTAL 

Fig. 1 shows a schematic of our experimental setup, as configured for velocity 
selection by TASSPI. The metal ablation targets are mounted on a rotatable rod within a 
vacuum chamber pumped directly by a small turbomolecular pump to — 10~* Torr. The 
ablated plumes are generated by an excimer laser beam (XeCl, >.=308 nm) incident at an 
angle of 45° from the surface normal, and focused to a » 0.003 cm2 spot so as to cut a 
circular track on the rotating target. The laser ablated plume products pass through a 
magnetic field region (| B | = 2.8 kG), located 2.5 cm from the ablation target surface, 
which deflects ionic species (e.g.: Ga+ and In+ ions with KE < 15 eV) from the atomic 
beam axis. The beam axis is defined by the ablation spot on the target and a 0.2 cm 
diameter isolation aperture located » 6 cm from the target surface, from which we estimate 
the final beam divergence as * 40 mrad. 

We characterize the chemical composition and KEDs of the species emerging 
through the isolation aperture with an electrostatic energy analyzer/time-of-flight mass 
spectrometer (EEA/TOFMS) system, using pulsed photoionization (ArF, X=193 nm) of 
neutrals [8,9). As we have discussed before [8,9], the apparent redundancy of this 
detection scheme (which requires that the time of flight of neutrals from the ablation target 
surface to the photoionization region be appropriate to the photoion pass energy selected 
by the EEA) allows us to detect the presence of non-atomic M+ ion precursors in the 
atomic beam. The photoions which transit the EEA are accelerated to 2.0 keV, separated 
by mass in a 1 m TOF tube, and detected by a low gain microchannel plate detector. 

Velocity selection by TASSPI entails photoionizing those metal atoms with 
unwanted velocities using another ArF excimer laser ("velocity selection laser" in fig. 1) 
and rejection of the resulting photoions by the magnetic deflection field. We have 
previously reported measurements of Al atom KEDs made close to and far from the 
ablated target surface which demonstrate that, under our mild ablation conditions, the Al 
atom KEDs are established on a sub 100 ns timescale [7,8]. Thus, after a delay of - 1 us, 
there exists a strong one-to-one correlation between atomic velocity and distance traveled 
from the ablated surface (i.e. the atoms have sorted themselves out with the faster atoms 
traveling farther from the surface). A simple opaque mask of width Ax, placed at a 
distance x from the target surface, serves to protect those metal atoms hidden behind it at 
the arrival time of die velocity selection laser (tVs)- These metal atoms, with mean 
velocity v = x/tVs< will not be photoionized, and hence will sot be deflected from the 
atomic beam by the magnetic rejection field. The mean velocity can thus be set by 
adjusting x, and/or by adjusting tvs, within limits set by the requirement that the fastest 
metal atoms to be rejected still be in the velocity selection region at tvs. The surviving 
metal atoms have a spread of velocities, Av (full width at half maximum, FWHM), and a 
corresponding spread of kinetic energies, AKE, all related by: 

KE v UJ      lt„J 

in which Atvs is taken as the sum of die duration of the velocity selection laser pulse and 
the jitter between the ablation and velocity selection pulses (Atvs » 50 to 100 ns). 
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RESULTS AND DISCUSSION 

We have previously shown in our Al experiments that maintaining the ablation laser 
intensity 0y,t) below » 1x10s W/cm2 greatly reduces the number of metal clusters and 
particles formed in the ablation process [8,9]. For Ga and In targets, we achieved the 
same results by keeping 1^ below » 4xl07 W/cm2. 

By varying the fluence of the ArF photoionization laser up to about 500 mJ/cm2 we 
were able to saturate the intensities of both Ga+ and In+ signals. By fitting these 
saturation curves we can estimate the atomic photoionization cross sections at 193 nm as 
opi(Ga) = 2.7(±0.6)xl0"17 cm2 and CHOII) = 1.7(±0.6)xl0"17 cm2, in good agreement 
with previously published values [11]. These measurements confirm the velocity selection 
laser fluences, Fys, required for efficient implementation of the TASSPI process. 

Fig. 2 shows the results of a velocity selection experiment on laser ablated Ga 

>    I    l    I    l    I    l •    I    >    I    >    I   l    I   * 
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Fig. 2: Velocity Selection of Ga Atoms by TASSPI. The closed circles show the nascent 
Ga atom KED, the open circles show the TASSPI effect. The error bars represent the 
estimated ±la limits. The experimental conditions were: l^ = 3.4xlOT W/cm2, 
FK = 500 mJ/cm2, x = 0.90 cm. Ax = 0.16 cm, % = 3.8 HJ. 
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atoms. The nascent Ga atom KED peaks near 2.2 eV and shows a FWHM of* 1.8 eV. 
The velocity selected Ga atom KED peaks at 2.0 eV with a FWHM of 0.5 eV. The 
transmission of the velocity selector at the 2 eV peak is very nearly 100%, and the 
integrated transmission is « 20 % of the original laser ablated flux. Quartz crystal 
mkrobalance (QCM) measurements indicate a velocity selected Ga atom flux of 
«DQ, « 8xl010 atoms/Ccm2 eV pulse) at a distance of 10 cm from the ablation target surface. 

Fig. 3 shows the results of a velocity selection experiment on laser ablated In 
atoms. The nascent KED peaks near 2.8 eV and shows a FWHM of« 2.4 eV. The 
velocity selected KED peaks near 3 eV with a FWHM of 0.9 eV. The transmission at the 
3 eV peak is very nearly 100%, and the integrated transmission is » 20 % of the original 
atomic flux. QCM measurements yield a velocity selected In atom flux of 
<!>!„ » 6xl010 atoms/(cm2 eV pulse) at a working distance of 10 cm. 
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Fig. 3: Velocity Selection of In Atoms by TASSPI. The closed circles show the nascent In 
atom KED, the open circles show the TASSPI effect. The error bars represent the 
estimated ± la limits. The experimental conditions were: 1^ = 3.4xl(P Wem2, 
Fys = 530 ml/cm2, x = 0.90 cm, Ax = 0.16 cm, fw = 4.0 UJ. 
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CONCLUSIONS AND FUTURE DIRECTIONS 

We have demonstrated a new, non-mechanical technique for performing velocity 
selection of fast laser ablated Al, Ga, and In atoms. Actually, the relatively low velocities 
of the heavy Ga and In atoms allow me use of conventional velocity selection schemes, but 
we found switching between group DIB metals very convenient with the TASSPI method. 

We are currently pursuing velocity selection of lighter species such as fast Li and B 
atoms. Unfortunately, the single photon photoionization cross section for Li is smaller 
than that for Al by over two-orders of magnitude [11], and the ionization potential for B 
atoms is almost 6.7 eV [12], corresponding to a presently inconvenient photon wavelength 
of 185 nm. It may be that the implementation of TASSPI in these systems will require the 
use of multi-photon ionization techniques, perhaps involving tunable pulsed lasers able to 
effect resonance enhancement via intermediate states [12], 

We hope to ultimately apply a TASSPI source to help answer some of the questions 
arising from our MIS work mentioned above. We will begin with co-depositions of fast Al 
atoms and molecular hydrogen at 2 K, examining the KE dependence of the atomic 
isolation efficiency and the formation of A1XHV reaction products [6]. 

We also hope that the TASSPI technique will find its way into other thin film 
deposition experiments, at least as a research tool. Three simultaneous modifications: 
increasing the ablation laser spot size while maintaining L^ constant, increasing the 
diameter of the beam defining aperture, and increasing the magnetic rejection field 
strength, should allow for pure atomic fluxes of over 1012 atoms/(cm2 eV pulse) at a 10 cm 
working distance. Excimer lasers operating at ~ 1 KHz repetition rates would then 
provide - 1015 atoms/fcm2 eV s). Ultimately, TASSPI may help elucidate the roles of 
incident atomic KE, beam composition, etc. in the formation of mixed semiconductors, 
nonlinear optical materials, and other thin films produced by laser ablation techniques. 
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20 Claims, 1 Drawing Sheet 
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VELOCITY SELECTED LASER ABLATION 
METAL ATOM SOURCE 

STATEMENT OF GOVERNMENT INTEREST 

The invention described herein may be manufactured and 
used by or for the Government for governmental purposes 
without the payment of any royalty thereon. 

BACKGROUND OF THE INVENTION 

Traditional methods of producing beams of velocity 
selected neutral atomic or molecular species do not work 
well throughout the 1 to 20 eV kinetic energy range, for 
which atomic velocities can exceed one million cm/sec. 
Standard mechanical velocity selection techniques are lim- >s 
itcd to maximum transmitted velocities of about 100,000 
cm/sec, or they require very long atomic flight distances of 
about 100 cm. Beams of nearly monoenergctic very fast 
neutral species can be produced routinely by charge 
exchange neutralization of a beam of suitable parent ions. 20 
However, this technique fails for kinetic energies below 
about 10 eV due to space charge limitations on the intensity 
of the parent ion beam. 

The laser ablation into vacuum process provides a com- 
pact source of intense beams of neutral and ionic species v 

throughout the desired kinetic energy range, but with very 
broad kinetic energy distributions. 

SUMMARY OF A PREFERRED EMBODIMENT 
OF THE INVENTION 30 

The present invention combines the best features of the 
laser ablation process with a non-mechanical velocity selec- 
tion arrangement capable of operating in the desired kinetic 
energy range. Kinetic energy is of course proportional to the 35 
velocity squared. In accordance with a preferred embodi- 
ment of the invention, a target is positioned in a vacuum 
chamber, which target comprises a material which can be 
photo-ionized. A pulsed plume of ablated pboto-ionizable 
paniculate material, emerging from the target, is projected 40 
along a projection axis within the vacuum chamber, and a 
pulsed beam of light, capable of ionizing the plume, inter- 
sects selected portions of the plume to create two ionized 
portions, separated by a non-ionized portion therebetween. A 
magnetic field then sweeps the ionized plume portions away 45 
from the projection axis and the non-ionized portion is 
retrieved by an apertured mask having its aperture posi- 
tioned on the projection axis. 

BRIEF DESCRIPTION OF THE DRAWING 30 

Other features of the invention will become apparent upon 
study of the following detailed description of preferred 
embodiments of the invention, taken in conjunction with the 
sole FIGURE schematically illustrating an embodiment of 
the invention. 

DETAILED DESCRIPTION 

In the sole FIGURE and within vacuum chamber 10, a 
pulsed plume 1 of metal atoms, ions, molecules, clusters and 60 
metal panicles can be produced by focussing the output of 
a pulsed ablation laser 2 upon the surface 4 of a rotating 
target 3 held in a vacuum chamber. The atomic beam 6, 
which is the output product of the atomic source, passes 
through an apenure 9 of retrieval mask 11 positioned upon 65 
the plume projection axis 12. Motor 5 produces rotation of 
target 3 as indicated by 7. Typically, the kinetic energies and 

total flux of the constituents of the beam can be increased by 
increasing the incident fluence, (power/area), of the ablation 
laser 2. 

For the purposes of the present invention, the metal ions, 
molecules, clusters, and panicles are unwanted contami- 
nants in the atomic beam and can be reduced by restricting 
the incident fluence of the ablation laser 2 to values within 
a few times the threshold for producing visible emissions 
from the plume, or by using very short picosecond ablation 
pulses; see F. Mueller et al., Proa SPDE-InL Soc. Opt. Eng. 
vol. 1858, pp. 464-475 (1993). This consideration requires 
the selection of a compromise value of the ablation laser 
fluence, with beam energy and flux being traded off for beam 
purity. The ions which survive the plume expansion are 
deflected upwardly by magnetic field 20. are swept away 
from projection axis 12, and thus fail to pass through 
aperture 9 of beam retrieval mask means 11. 

Operating the beam source as described, provides a beam 
composed predominantly of metal atoms with kinetic ener- 
gies in the 1-20 eV range, with however, a very broad 
distribution of kinetic energies which is reduced by our 
novel method of velocity selection. The method is based 
upon the spatial separation of the different velocity compo- 
nents of the plume following a shon delay after the arrival 
of the ablation laser pulse, that is, the faster metal atoms 
move farther away from the metal target surface 4 than do 
the slow ones in the same amount of time. Thus, only those 
metal atoms having the proper velocities to be retrieved to 
form the output beam, are hidden behind opaque mask 15. 
and thus avoid being ionized when the pulse 18 from the 
ionization laser 17 intercepts the photo-ionizablc plume 1. 
This action creates a pair of photo-ionized plume sections 14 
and 14' to the right and left of the mask 15, which ionized 
plume sections are swept away from axis 12 by magnetic 
field 20, produced by magnetization means 13. The rcsult.of 
this action is that only those nonionized atoms behind the 
mask 15 will remain on the projection axis 12 to pass 
through aperture 9 of the retrieval mask 11 10 be outputted 
from the device with the desired pass velocity. The peak of 
the velocity distribution of these unaffected nonionized 
atoms behind mask 15 is related to the distance d between 
the target surface 4 and the center of the mask, and the lime 
delay between the production of the laser ablation pulse and 
the ionization laser pulse. The pass velocity will be equal to 
the distance d divided by this time delay. The width of the 
velocity distribution of the velocity selected metal atoms 
decreases as the mask is made narrower, down to a limit 
imposed by the finite duration of the ablation laser pulses 
and the initial plume formation process, and the finite 
duration of the ionization laser pulses together with diffrac- 
tion limitations on imaging the masked ionization laser pulse 
onto the plume. 

Some operating parameters of our first demonstration 
experiment were as follows: pulses from a xenon-chloride 
cximer ablation laser pulse energy 10 rmlli-joulc, 308 nm 
wavelength, were focused upon a high purity AI target The 
ablation laser beam was focused down to a spot of 0.05x0.10 
cm and had a duration of 0.03 microseconds. The magnetic 
field had a magnetic field strength of 2.8 kilo-Gauss. Aper- 
ture 9 had a diameter of 0.2 cm. formed in a 0.05 cm thick 
steel sheet, placed 6 cm from the target surface. An ArF 
ionization laser was employed and the photoiordzation pro- 
cess was very efficient, such that about 98% of the unwanted 
aluminum atoms was readily ionized and rejected. Photo- 
iordzation mask 15 consisted of a 0.15 cm wire placed 0.5 
cm from the target surface and photoiordzation was accom- 
plished by unfocused 100 ml pulses of 0.25 microsecond 
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duration, delayed by 0.94 microseconds from the ablation 
laser pulse. These conditions resulted in a pass velocity of 
500.000 cm/sec and a peak pass energy or 4 cV. 

For additional examples of demonstrated operating con- 
ditions for AI atoms, sec M. Maclcr and M. E Fajardo, 5 

Appl. Phys. Lett., vol. 65, pages 2275-2277, (31 Oct., 
1994). For information concerning our recent demonstration 
of the temporally and spatially specific photoionization 
(TASSPI) effect for gallium and indium atoms, sec M. E. 
Fajardo and M. Maclcr, Material Research Society, Sympo- l0 

shim Proceedings, vol. 388, (1995). 
Variations on the aforesaid components and parameters 

will occur to skilled workers in the art and thus the scope of 
the invention is to be restricted only by the terms of the 
following claims and art recognized equivalents thereof.     1S 

What is claimed is: 
1. An atom source comprising: 
(a) a target of a material which can be photoionized, 

positioned within a vacuum chamber: M 

(b) ablation means for projecting a pulsed plume of 
ablated photo-ionizablc material from said target along 
a projection axis positioned within said vacuum cham- 
ber; 

(c) an ionizalion laser for directing a pulsed light beam 25 
capable of ionizing said plume of ablated ionizablc 
material, toward said projection axis: 

(d) retrieval means positioned along said projection axis 
for retrieving only selected material particles from said 
plume; M 

(c) light beam control means for causing only selected 
portions of said pulsed light beam generated by said 
ionizalion laser to intersect said plume to produce 
ionized plume portions; and 

(f) means for. producing a magnetic field for sweeping 
said ionized plume portions away from said projection 
axis to prevent rcoicval of said ionized plume portions 
by said retrieval means. 

2. The source of claim 1 wherein said ablation means „ 
comprises an ablation laser. 

3. The source of claim 2 wherein said beam control means 
comprises masking means for shielding a selected plume 
portion from the pulsed light beam generated by said ion- 
ization laser. 

4. The source of claim 3 wherein said retrieval means 
comprises an apcrtured mask for permitting a nonionized 
plume portions to pass therethrough. 

5. The source of claim 4 further including means for 
rotating said target during operation of said ablation means. x 

6. The source of claim 3 further including means for 
rotating said target during operation of said ablation means. 

7. The source of claim 2 wherein said retrieval means 
comprises an aperturcd mask for permitting a nonionized 
plume portion to pass therethrough. 

8. The source or claim 2 further including means for 
rotating said target during Operation of said ablation means. 

9. The source of claim 1 wherein said beam control means 
comprises masking means for shielding a selected plume 
portion from the pulsed light beam generated by said ion- M 

ization laser. 
10. The source of daim 9 wherein said retrieval means 

comprises an aperturcd mask for permitting a nonionized 
plume portion to pass therethrough. 

11. The source of claim 9 further including means for 
rotating said target during operation of said ablation means. 

12. The source of claim 1 wherein said retrieval means 
comprises an aperturcd mask for permitting a nonionized 
plume portion to pass therethrough. 

13. Atomic source apparatus comprising: 
(a) a target of a material which can be ionized, positioned 

within a vacuum chamber, 
(b) means for directing a pulsed plume of ablated ioniz- 

ablc material from said target toward a first portion of 
said apparatus: 

(c) pulsed ionizalion means for ionizing selected portions 
of said plume to create ionized plume portions and a 
nonionized plume portion; 

(d) magnetizing means for causing a magnetic Geld to 
sweep said ionized plume portions away from said first 
portion of said apparatus: and 

(c) retrieval means, positioned at the first portion of said 
apparatus, for retrieving said nonionized plume por- 
tion. 

14. The source of claim 13 further including means for 
rotating said target. 

15. The source of claim 13 wherein said retrieval means 
comprises an aperturcd mask. 

16. The source of claim 15 wherein said pulsed ionizalion 
means includes a mask for preventing ionization of a portion 
of said plume positioned between the selected portions of 
said plume being ionized. 

17. The source of claim 13 wherein said pulsed ionization 
means includes a mask for preventing ionization of a portion 
of said plume positioned between said selected portions of 
said plume being ionized. 

18. A method of generating an atomic beam comprising 
the steps of: 

(a) providing a target of a material which can be photo- 
ionized, positioned within a vacuum; 

(b) generating a pulsed plume of ablated ionizablc mate- 
rial from said target and projecting said pulsed beam of 
ablated ionizablc material along a projection, axis posi- 
tioned within said vacuum; 

(c) directing pulsed beams of light, capable of ionizing 
said plume of ablated ionizablc material, through 
selected portions of said plume to create ionized plume 
portions; 

(d) causing a magnetic field to sweep said ionized plume 
portions away from said projection axis; and 

(c) retrieving a nonionized plume portion positioned 
along said projection axis. 

19. A method of generating an atomic beam comprising 
the steps of: 

(a) ionizing portions of a plume of ionizablc material to 
form ionized plume portions; 

(b) causing a magnetic field to drive said ionized plume 
portions in a direction away from a predetermined area; 
and 

(c) retrieving a nonionized plume portion within said 
predetermined area. 

20. The method of claim 19 wherein the steps thereof arc 
carried out in a vacuum. 
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